Bubble size, gas holdup and interfacial area distributions in mechanically agitated gas-liquid reactors by Barigou, Mostafa
        
University of Bath
PHD









Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 22. May. 2019
BUBBLE SIZE, GAS HOLDUP AND INTERFACIAL AREA DISTRIBUTIONS
IN
MECHANICALLY AGITATED GAS-LIQUID REACTORS
Submitted by 
M ostafa BARIGOU 
for the degree of 
Doctor o f Philosophy (PhD)
of
The U niversity o f BATH  
April 1987
C O P Y R I G H T
"Attention is drawn to the fact that copyright of this thesis 
rests w ith its author. This copy of the thesis has been 
supplied on condition that anyone who consults it is 
understood to recognise that its copyright rests w ith its 
author and that no quotation from the thesis and no 
information derived from it may be published w ithout the 
prior written consent of the author".
"This thesis may be made available for consultation w ithin  
the U niversity library and may be photocopied or lent to 
other libraries for the purpose of consultation."
UMI Number: U601717
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
Dissertation Publishing
UMI U601717
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
m m n M T vo fB fim
USftARY





A 1.0 m mechanically agitated vessel apparatus for batch gas-liquid 
mixing has been developed for carrying out delailed gas-liquid dispersion 
studies. The system capability for the selection and measurement of impeller 
speed and power has been enhanced by interfacing it to a microcomputer. A 
fully submersible capillary suction probe interfaced to a high speed data 
acquisition system supervised by a microcomputer, has been developed for 
measurement of bubble size in large scale reactors. A conductivity probe 
technique was also developed for local gas holdup measurement and adapted to 
the same data acquisition system.
Using the capillary probe technique a detailed quasi-point examination 
of the structure of bubble size distributions in both ’coalescing’ and ’non­
coalescing’ gas-liquid dispersions was conducted in the 1.0 m agitated tank. The 
bubble size distributions were found to vary widely with the liquid system 
used and from one region of the reactor to an other, deviating greatly from the 
standard Gaussian distribution. The agitator speed affects the mean bubble size 
to varying extents in different zones, the effects being dependent on the gas flow 
rate.
The local gas holdup and interfacial area were found to change 
appreciably with position in the dispersion. The impeller region contains a 
relatively large proportion of the total surface area in the tank. It is difficult to 
establish useful amounts of gas circulation in the region below the impeller and 
hence, from this point of view, high impeller clearances are not desirable.
Predictive correlations have been obtained for the total gas holdup and 
gassed power demand. The accuracy of the correlations was significantly 
improved by a systematisation of the experimental data into groups according 
to the impeller gas cavity regimes.
An investigation into the power dynamics of the agitator including 
photography of the impeller gas cavities was carried out. The power response 
resulting from an input disturbance in sparged gas flow rate reveals two 
regions. A very fast drop in power in the first region of the transient, which
accounts for the major part of the total power reduction, is followed by a much 
slower response in the second part of the curve. A simple first order dynamic 
model has been proposed to predict the first region of the transient response, 
which is mainly associated with the growth of large gas cavities.
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Chapter 1
INTRODUCTION
2Mechanically agitated gas-liquid reactors find wide application in 
the chemical and allied process industries. They are utilised for 
perform ing various gas-liquid operations, w ith physical absorption (eg. 
aerobic fe rm en ta tion)  or chemical absorption (eg. oxidation, 
hydrogenation, chlorination etc.). They provide large interfacial area for 
mass tran sfe r ,  long residence times of the gas bubbles, good agitation of 
the liqu id  and good backmixing of both liquid and gas phases. They can 
also handle  highly viscous system s and achieve adequate suspension of 
solid particles.
The three-dim ensional tu rbu len t gas-liquid How in a s tirred  vessel 
has an inheren tly  fluctuating s truc tu re  of a very complex nature. This 
poses a difficult problem theoretically, not least in the solution of 
re levant equations to predict the internal flow in such a system . 
U nderstandab ly , therefore, the methods so fa r  adopted for designing this 
type of reactor are m ain ly  empirical. They rely on global resu lts  derived 
from  experim ental studies carried out on laboratory or pilot scale units. 
This design approach has seen im portan t development since the early 
investigations conducted on gas-liquid mixing, and has provided 
satisfactory  answ ers to a num ber of industrial problems. Recently, 
however, it has been realised that this ’global’ approach has lim ited 
research potential. In contrast the d istr ibu ted  point of view should 
provide a better scientific basis for investigation and design. Thus the 
localised approach enables m uch more detailed description of the tw o- 
phase flow s tru c tu re  to be obtained. In this way, greater accuracy and 
greater reliability  can be achieved in the design of industria l gas-liquid 
s tirred  vessel reactors.
This detailed understanding  necessitates obtaining inform ation on 
a num ber of local param eters  among which bubble size, gas holdup and
3interfacial area d is tr ibu tions  arc of param ount importance. Indeed, these 
param eters  are in terrelated  and fundamental to developing a complete 
understanding  of the basic bubble phenomena which are at the heart of 
the gas-liquid mixing problem. M easurement of these local properties is 
one of the least developed areas in this held and has remained a m ajor 
challenge to researchers due to the lack of adequate m easurem ent 
techniques. This research is presented as a contribution in this direction.
For convenience of presentation each area of research investigated 
is confined in a self contained chapter. The layou t of the thesis is 
sum m arised  below:
-C hap te r  2: An extensive su rvey  of the state of the a r t  in term s of tw o- 
phase gas-liquid flow instrum entation  with particu lar  emphasis on the 
m easurem ent techniques relating to bubble size, gas holdup and 
interfacial area.
-C hapter 3: Details of the design and construction of the 1.0 m mixing 
rig em ployed and experim ental procedures for measuring agitator speed 
and power, and total gas holdup.
-C hap ter  4: Detailed description of the capillary suction probe technique 
developed for bubble size measurements, and the instrum entation  and 
da ta  acquisition system  associated with it.
-C hapter  5: The resu lts  obtained on bubble size d is tr ibu tions  in different 
regions of the 1.0 m stirred  vessel using the capillary probe technique are 
discussed.
-C hapter  6: The application of a computerised conductiv ity  probe
4technique for m easurem ent of the local gas holdup in the 1.0 m agitated 
tank is described and the experimental results  are discussed. Local 
interfacial area d is tr ibu tions  obtained by combining point bubble size 
and gas holdup resu lts  are also analysed.
C hap ter  7: Development of im proved gas holdup and im peller power 
correlations based on the system atisation of experimental m easurem ents 
according to im peller gas cavity regimes.
C hapter  8: An investigation into the impeller power dynam ics coupled 
w ith  a photographic s tu d y  of the im peller gas cavities.
C hapter 9: Recommendations for fu tu re  research.
5Chapter 2
SURVEY OF TECHNIQUES FOR MEASUREMENT
OF
BUBBLE PARAMETERS IN GAS-LIQUID CONTACTORS
62.1 I n t ro d u c t io n
Theoretical modelling of gas-liquid dispersions remains a difficult 
problem  fo r  researchers in this field. Bubble properties still cannot be, in 
genera], theoretically predicted. Therefore, there is a strong need for 
in s tru m en ts  capable of detecting and measuring bubble param eters  in 
gas-liquid  contactors. Of central importance are bubble size, gas holdup 
and  interfacial area. Over the last ten years, much elfort has been 
devoted to the development of two-phase flow instrum entation. A wide 
varie ty  of techniques have been designed, ranging from photographic 
m ethods to m iniature fibre optic probes and sophisticated laser-scattering 
techniques. This chapter reviews the contributions in this area, w ith  an 
evaluation  of their scope and applicability. The techniques described fall 
in to  tw o  main categories; Invasive techniques, including chemical and 
local m easurem ent methods, and non-invasive techniques which embrace 
photographic, laser and radioactive methods.
2.2 Invasive techniques
2.2.1 Chemical methods
Integral values of interfacial area in gas-liquid dispersions m ay be 
obtained by absorption experiments. M any chemical system s have been 
proposed for the determ ination of interfacia] area by so-called ’chemical 
m ethods’ [2, 22-25]. When using a chemical method the interfacia] area 
is calculated by means of mass transfer. This is achieved by selecting a 
gas-liquid system such that the absorbed gaseous component reacts 
chemically in the liquid phase. For instance, if an Oxygen-Sodium 
sulphite  system is used and the reaction is carried out batch wise w ith  
respect to the liquid phase, the absorption rate can be measured d irectly  
from the change with time in the su lphite  concentration. Knowledge of
the absorption rate  allow s calculation of the intcrfacial area [22]. The 
value obtained is often called ’effective intcrfacial area’, indicating that it 
m ay dill'er from  the geometrical intcrfacial area as m easured by a 
physical m ethod eg. photography. The difference between the effective 
in terfacial area, ac/lvin, and the geometrical area, ai>c0, may be considerable. 
L ite ra tu re  resu lts  compiled by S tichlm air [25] (Fig 2.1), dem onstrate  
th is  fact for s ieve-tray  colum ns. The effective interfacial areas are 
generally  sm aller  than  the geometrical ones. Schumpe and Deckwer [27], 
and Holer and M ersm ann [25] have discussed the reasons behind this 
discrepancy. In the case of high mass transfer rates depletion of the 
absorbing com ponent in the gas bubbles takes place. This process which 
is u sua lly  ignored, increases in significance with increasing enhancement 
factor (ra tio  of m ass tra n sfe r  in presence of a chemical reaction to that 
in a purely  physical process) and bubble residence time, and w ith  
decreasing bubble size. This shrinking  effect causes the driv ing  force a t a 
bubble  interface to reduce to such an extent tha t under  extreme 
conditions a small bubble  m ay  reach a state of equilibrium  w ith the 
adjacent liquid. However, such bubbles can be detected by a physical 
technique and therefore  will con tribu te  to the geometrical interfacial 
area. N orm ally , the  interfacial area is calculated using the measured 
overall conversion ra te  together w ith  the assumption that the driving 
force is effective over all bubbles. In actual fact, bubbles of different 
am oun ts  of absorbent gas are mixed at the reactor exit where the gas 
concentration is m ain ly  determ ined by the concentration of large bubbles 
which undergo on ly  a small depletion. Such depletion effects can be 
taken into account if the mass transfe r  rate is determined by integration 
over the whole bubble size d istr ibu tion  [25, 27]. Otherwise,
m easurem ents  of interfacial area under conditions of high absorption 
rates are not valid.
Among all chemical methods the most widely used are the 
absorption of C()2 in Sodium Hydroxide or in a solution of Potassium 
Carbonate, and the absorption of ()2 in a solution of Sodium Sulphite. 
These tw o system s, however, have been found to yield largely different 
values of interfacial area under  similar, or even identical conditions, as 
shown in Fig 2.2. Of special in terest are curves El and 12 w hich refer to 
the same bubble column. The reason for this discrepancy is that w ith 
su lphite  oxidation only  small depletion effects are observed. Because of 
the very high H e n ry ’s coefficients for mass transfer of ()2 in an aqueous 
solution the conversion rate is smaller. Indeed it was found that the 
sulphite  m ethod gives values of interfacial area which are close to the 
geometrical ones [27]. Midoux et al [28] have discussed the suitab ility  of 
chemical m ethods for interfacial area m easurem ents and noted that 
because of the short residence tim e required for the depletion effect to be 
negligible, the use of these techniques has been restricted to small ^cale 
units  not exceeding l m3 in volume. Hence, scale-up by the use of the 
chemical method seems hazardous.
At this stage it is w orthw hile  mentioning the experiment of 
Sridhar and Potter [3] in a 0.12 m stirred  vessel. Using a chemical 
method ( o 2- N a 2SO3) and a local light attenuation technique, they found 
tha t the chemical intcrfacial area was 1.5-2 times that obtained using the 
second method. The difference was a t tr ibu ted  to the high local mass 
transfe r  rates taking place in the impeller region. Rennie and Valentin 
[93] who studied mass t ra n sfe r  phenomena in stirred vessels using high 
speed photography, concluded that the impeller region contained the 
most ’active’ surface. High shear rates and therefore high energy 
dissipation in the agitator zone result in high rates of surface renewal 
and high mass t ra n sfe r  coefficients. Indeed, Sridhar and Potter [3] showed 
that the mass tran sfe r  coefficient in the impeller region was about 50
Fig 2
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limes the average coefficient in the lank. The rate of absorption is taken 
to be independent of the mass transfer  coefficient, KL, and hence of the 
hydrodynam ic  conditions if the enhancement factor, M, is high enough 
ie., \f\l >3 [3]. Because of the wide variation in KL th roughout the vessel 
this criterion may not be met at every point in the reactor. W hile this 
effect may be limiting in mechanically agitated reactors it will be much 
less pronounced in packed beds and bubble columns.
From the above discussion the following rem arks  can be made 
about the use of the chemical method. The technique yields from  a single 
m easurem ent an overall value of the intcrfacial area. It is useful as a 
s tandard  bu t there are some unresolved problems and consequently  the 
resu lts  obtained will have to be interpreted w ith caution. For a 
p articu la r  application a suitable reaction has to be chosen w ith  
considerable care, and experim entation may be very time consuming. In 
m any cases, the inform ation obtained is ra ther specific to the conditions 
of the reaction, especially the ionic strength of the solution and type  of 
ions present [23]. Also a system atic  investigation of the effect of liquid 
properties such as viscosity and interfacial tension, on the intcrfacial 
area is very  difficult since the addition of surface active or viscous 
components w ould  m ake a new and time consuming investigation of the 
kinetics of the chemical reaction necessary [29].
Finally, a novel m ethod has been proposed [9]. It involves the use 
of a nuclear reaction to rad iate  a beam of light w ithin the dispersion. The 
light in tensity  registered by the detection system is proportional to the 
intcrfacial area. The technique seems interesting because it a llow s 
m easurem ent of the intcrfacial area in organic lluids and is also 
applicable to continuous llow systems.
2.2.2 Light attenuation methods
This technique is based on the scattering of a light beam as it 
passes through a transparent dispersion, by reflection, refraction and 
diffraction (Fig 2.3). In its simplest form [30], a parallel beam of light is 
passed through the dispersion inside the gas liquid contactor. This is 
received by a photocell some distance away from the scattering region at 
the ex trem ity  of an in ternally  blackened tube, as shown in Fig 2.4. Only 
the light which meets no obstruction in its path is sensed by the 
photocell, the scattered light being absorbed on the blackened tube. It has
been shown [30] that the light a ttenuation  ratio is related to the
specific interfacial area, a, according to the equation:
where,
/„ = incident light in tensity ,
I  = transm itted  light in tensity ,
I = optical path length.
This relationship is valid for transparen t or opaque particles which are 
d is tr ibu ted  in a sufficiently dispersed m edium . This was tested by 
C alderbank [30] w ith  air  bubble sw arm s of know n intcrfacial area in a 
pulsed sieve-plate column and polystyrene spheres of known sizes in a 
s tir red  vessel.
The photocell was connected to a light q u a n t i ty  m eter and an 
electric timer. The tim er serves to m easure the time, t u, required fo r  the 
light meter to receive a given q u an ti ty  of light through the continuous 
phase only, and the tim e for the same q uan ti ty  to be received through 





Fig 2.3 Principles of light scattering.
PHOTO CELL LAMP
Fig 2.4 Set-up for light transmission through a stirred vessel [30].
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Therefore, Equation (2.1) becomes:
In—  = —  ( 2 .2 )
*.. 4
This allows the lime-average interfacia] area to be determ ined. 
Although this technique was originally proposed for un ifo rm  particle 
sizes, it has been shown, using a numerical simulation, to be applicable to 
polydispersed system s [31, 32]. Experimental verification using
polysty rene beads was also reported [31 ].
Using the above principles Calderbank [30] then developed a 
movable probe (Fig 2.5), which he exhaustively  tested w ith  suspensions 
of polystyrene and glass beads of know n sizes and found  it also gave 
results  in accordance w ith Equation (2.1). He used it to m easure 
interfacial area in a 40 1 and a 100 1 s tir red  vessels. This probe was an 
im provem ent on the earlier probe by Vermeulen et al [33], which needed 
calibration by high-speed photographs of the emulsions, on which the 
specific intcrfacial area was determ ined by droplet size counting (see 
Section 2.3.1).
Mclaughlin and Rushlon [31] stated a num ber of conditions th a t  
m ust be satisfied if Equation (2.1) is to be valid. These conditions are:
1. T ransparent continuous phase;
2. Random spatial particle distribution;
3. Particles m ust be greater than 0.10 m m  in diameter;
4. Particles are subject to random orientation in the light beam;
5. Particles have no concave surfaces;
6. Light source em its  an incoherent parallel light beam;
7. Light detector receives only parallel light.
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Due to e rrors  from m ultip le  seattering in the ease of dense 
dispersions Calderbank [30] set a limit of validity for the technique 
expressed as a l< 2 5  while Mclaughlin and Rushton [31] recommended a
m axim um  value for -y- equal to 10. This criterion is lim iting vis-a-v is
the range of interfacial area values that can be measured, especially 
when m easurem ents  are made from outside the contactor, since the 
optical path length in this case would be ra ther  large. Landau et al [2] 
used the light scattering technique to m easure interfacial areas in a ir-  
w ater  and air-e lectro ly te  solutions in a bubble column. The light source 
and photocell were placed outside the column. The optical path length 
was 0.098 m and the values of al were up to about 80. This constitu tes a 
significant extension in the range of applicability of the method. They 
achieved this by developing the semi-empirical equation:
(2.3)
4, /<»
7 Ta — -------- ;— -
1 - /  ( a l )
where,
/ ( « / ) =  i — ).
al
which accounts for the elfect of m ultip le  scattering at high values of a. 
Equation (2.3) was found to give values of a w ithin a mean deviation of 
approxim ately  5% from  those determ ined photographically. On the other 
hand, Lockett and Safekourdi [34] reported a linear relationship between 
the light a ttenuation  ratio  and the interfacial area for high levels of light 
scattering ( a l> 2 7 ) .
Sridhar and Potter [3] developed a fibre optic light probe, which is 
shown in Fig 2.6. The optical path length was 10 mm. Polystyrene beads 





Fig 2.5 Light transmission probe of Calderbank [30].
Intro red Hght source
Fibre optic bundles
05cm
o o Light path • Icm
Fig 2.6 Light transmission probe of Sridhar and Potter [3].
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relationship (Equation 2.1). A microprocessor was used to sample and 
average the ou tpu t signal of the photocell at a rate of 1 KHz over a 20 
second period. The probe had an improved design w hich made it capable 
of w ithstanding  high pressures and tem peratures. This probe was 
employed by the au thors  to measure intcrfacial areas in a 0.13 m stirred  
vessel for a wide range of system physical properties, at tem peratures  
reaching 150 °C and pressures up to 10 atm . The reproducibility  of the 
results  was w ith in  5%.
Recently A1 Taweel el al [36] have extended the range of 
applicability of the technique up to al values of 460. This was 
accomplished by the use of a laser as a source of monochromatic 
collimated light, and a very sensitive low-bias picoammeter to measure
light a ttenuation  ratios as large as ^y-=ios. Using their calibration data
obtained w ith  polyvinyl toluene, Kaolin, corn and pecan pollen 
suspensions, they modified the relationship of Landau et al [2], Equation 
(2.3), and proposed the following explicit expression in a:




6 .4 3 3 /°  147
(2 .4)
The light scattering technique was also used by Lee and Meyrick [37] 
and Figueiredo [38] for the m easurem ent of point interfacial area in 
stirred vessels.
A technique based on the optical reflectivity or backw ard 
scattering of light from  dispersions was first proposed by Caldcrbank ct 
al [39]. The principle of the technique is i llustra ted  in Figs 2.7 and 2.8. 
This method has not received widespread use. Like the photographic 
technique it only  reveals inform ation on the interfacial area near the
17
wall •« «inl
Fig 2.7 Light reflectivity probe of Calderbank et al [39].
Fig 2.8 Set-up for use of light reflectivity and 
light transmission in a stirred vessel [39].
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wall of the contactor. Hcncc most of the criticism made about the 
photographic method (see Section 2.3.1) is valid here as well.
2.2.3 Fibre optic probes
The use of fibre optic probes to detect the presence of gas bubbles 
in liquids is described by Dane! and Delhaye [41] and by G alaup and 
Del haye [42]. The working principle is based on the phenomenon of total 
in terna l reflection of light. Considering a prism of refractive  index n, 
im m ersed in a m edium of index n 2, as shown in Fig 2.9, Snell’s law of 
light refraction gives:
n jsini j =  n 2sin i 2
ie.,
" i  . .sim i =  sim i
n  2
It is clear, therefore, tha t refraction will occur if sim2< l .  In the case of a 
glass prism (n ,=  1.62) and 1^45°  there will be refraction only if n 2> l.l5 .  
Therefore, any m edium  w ith  refractive index n2< 1.15 will cause total 
reflection of light. For instance, in the case of a tw o-phase a ir-w ate r  
dispersion light will be refracted  if the glass tip is immersed in w ater  
(n=1.33), and total reflection will occur if the tip is inside an air bubble 
(n=1.00). The transition from  one mode to the other produces a step 
change in reflected light in tensity  which is used to detect the passage of a 
bubble interface.
Three fundam ental elem ents constitu te  an optica] probe:
(i)  a light source: eg. m icro-bulb , laser diode...
(ii)  a light guide: eg. glass rod, optical fibres...
(iii) a light detector: eg. photodiode, phototransistor...
The existing optical probe designs can be classified into three main
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categories according to the type of light guide used:
1. Glass rod probe (Fig 2.10):
Developed in 1969 by Miller and Mitchie [43], this probe was 
intended for local voidagc m easurem ent in tw o-phase gas-liquid system s 
[43, 44]. The method of calculation is shown in Fig 2.11. The in s tru m en t 
consists of a d raw n  glass rod shaped at its end in the form  of a right 
angle cone and an optical fibre Y-junction. Light from  a quartz-iodine 
lam p (6V, 100W ) is focused on one of the branched ends of the light 
guide and a pho to transis to r (Fairchild P21) is located at the receiving 
end of the light guide. The sensing end is 0.3 to 0.5 m m  in diameter. The 
au thors  claim tha t the in s trum en t is capable of detecting small bubbles 
of 0.5 mm diam eter. The m ajor draw back of this system is the 
significant light losses, requiring the use of a high powered lam p (10  W ) 
which prevents m in ia tu risa tion  of the instrum ent. These losses occur in 
the glass rod tip of the  probe because of the non-uniform  surface polish 
as well as the joining section between the optica] fibre and the glass rod.
2. Fibre bundle probe (Fig 2.12):
This in s trum en t was designed by Hinata [45] (1972) and was used 
by him to determ ine local void fraction profiles in a ir-m ercury  flows in a 
pipe. A pproxim ately  one hundred  fibres of 30 /im diam eter having a 
central core and an ou ter  cladding, are assembled in a Y-shape 
configuration. The index of the the fibre core is 1.62 and that of the 
cladding is 1.52. This a rrangem ent prevents the leakage of light to the 
adjacent fibre. Therefore, the light is reflected at the boundary between 
the core glass and the coating glass, and is transm itted  through the bent 
fibre by internal reflection (Fig 2.13). A glass rod, 0.5 mm in diam eter, 1 
mm long, itself coated w ith  a glass of lower refractive index to prevent
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Fig 2.10 Glass rod probe of Miller and Mitchie (1969) [43].
light losses, is cemented to the tip of the fibre bundle. The end of the rod 
is ground and polished. The ends of the bifurcation are connected 
respectively to a Hood light projector and a pholotransistor.
The main disadvantage with th is  probe is the long rise and fall 
tim es of the signal in comparison w ith  the duration of light pulses, on 
account of the influence of the thickness of the probe tip. The lim e error 
due  to this effect was estim ated to be of several milliseconds.
3. U-shaped fibre optic probe (Fig 2.14):
The original design of this probe was by Dancl and Delhaye [41] 
(1971). The main components of the instrum ent are a low power 
dissipation lam p (300 m W ), a photo transistor (Photodarlington BPX30) 
chosen for its good sensitiv ity  and a single 40 /im optical fibre. The end 
of the probe is obtained by  bending the fibre through an angle of 180 
degrees, which allow s a d iam eter of 100 /im to be achieved. The fibre is 
protected inside a 2 mm diam eter stainless-steel tube, except for the U- 
shaped end. An im proved version of th is  probe was later developed by 
G alaup and Delhaye [42] (1976). The size of the protective tube was 
reduced to 0.3 mm and the light detector was replaced by a 
photo transistor  T1L81 (200  KHz against 20 KHz for the BPX30) 
associated w ith  an amplifier integrated in the body of the probe. This 
system  has a distinct size advantage (0.1 m m ) over the glass rod and the 
fibre bundle system s (respectively 0.3 and 0.5 m m ). It is capable of 
detecting bubbles down to 0.4 mm [47]. Its rise and fall times are also 
short, respectively 80 and 40 /is [42]. The main disadvantage of this 
design is its fragility . The bending of the fibre is difficult and the 
assem bly of the in s trum en t is delicate, and in the case of a breakage 
mending poses trem endous difficulties [46].
To the phototronkitKx
rod
Fig 2.12 Fibre bundle probe of Hinata (1972) [45].
F r o m  the l ight s o u r c eF rom  th o  l igh t s o u r c e
o
n . n  < < < 5  9
Fig 2.13 Fibre bundle (Hinata [45]).
S.steel tube Phototransistor
Optical fibre
2.14 (a) Probe assembly
From the light source 
From the light source j To the phototroeslstor
2.14 (b) Sensor tip
Fig 2.14 U-shaped probe of Danel and Delhaye (1971) [4 1 ].
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A probe configuration combining features of the three designs 
described above has been proposed by Abuaf et al [48, 49] (Fig 2.15). 
The main elem ents consist of two 125 yum fibres inserted in a 0.5 mm 
O.D. stainless-steel tube. The tip of the probe is ground and polished to 
form  an included angle of 90 degrees. The light source is a 3 V 
incandescent light bulb, and the photodetector is a PIN photodiode. An 
amplifier w ith  a rise tim e of 20 yus is used to enhance the o u tp u t  before 
going into the readout device.
The signal analysis  and the methods for obtaining the local 
inform ation on void fraction include triggering techniques to transform  
the actual signal into  a b inary  signal. A trigger level is set between the 
peak values of the signal to deline the transition from liquid to gas and 
vice versa. Often the trigger level is set a rb itra r i ly  w ithout justification. 
This can introduce significant e rro rs  in the measurem ents if the rise and 
fall times of the signal are im portan t in relation to the duration  of the 
light pulses. A typical signal delivered by the U-shaped probe is shown 
in Fig 2.16. Instead of obtaining a clear on-off signal during  the passage 
of an interface, the static  levels of  the signal and the fluctuations caused 
by the passage of the bubbles varied w ith  the void fraction. Thus, 
Galaup [46] used a double triggering technique where the threshold 
levels were determ ined from a calibration test against a y - ray  absorption 
technique, to give the same profile average of local void fraction across a 
pipe section. The above phenomenon which was a ttr ibu ted  to electronic 
or hydrodynam ic response problem s [46], was investigated by A buaf et 
al [48, 49] using their conical-tip  probe. They found that the signal 
am plitude decreased with increasing bubble velocity independently of 
the bubble size. This was a t tr ib u te d  to a liquid film thickness left on the 
probe tip, which increased w ith  bubble velocity and, therefore, caused 
the decrease in the signal in tensity  that was observed experim entally .
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Fig 2.1 7 DISA U-probes (single and double).
Fig 2 . 1 6  T y p i c a l  op t i ca l  p rob e s ig na l
and discrimination method [67].
They concluded that the probe is capable of measuring local bubble 
velocity as well as local void fraction. For velocity m easurem ents  the 
probe was calibrated inside a glass tube. Bubbles were injected at the 
lower end of the tube. The velocity of the bubble slugs w as m easured by 
means of tw o photodetcctors just before it was detected by the probe, 
and correlated w ith the signal a ttenuation. For measuring local interface 
velocity and local specific interfacial area, Galaup and Delhaye [42] used 
a probe w ith  tw o  U-shaped sensing ends 2.3 mm apart. The interface 
velocity was determ ined from the ratio of the known probe spacing and 
the bubble travelling  tim e between the tw o sensors, and the interfacial 
area, a, was obtained from:
vb
where, nf  is the bubble passage frequency and v* is the average bubble 
velocity. Both th is  probe and the simple U-probe described above are 
available com m ercially , made by D1SA (Fig 2.17). Each in s trum en t is 
supplied w ith a phase indicator unit which powers the probe and 
conditions the signal. A void fraction unit is also available which can be 
connected to the phase indicator unit to give a direct reading of the local 
gas holdup [50]. The use of these probes has been restricted to two-phase 
flows in pipes probably  because of their short length and fragility. 
Recently, Mann and Hackett [47] have used a D1SA fibre optic probe to 
investigate the local s ta tistics of approxim ately  two-dimensional bubble 
clouds.
Compound optical probes have also been developed for 
measurement of bubble sizes and velocities in large gas-liquid contactors. 
The probe of Calderbank and Pereira [51] is a combination of five optical 
probes (Fig 2.18). Each element is made of a glass rod 0.2 mm diam eter
I he end of which is ground to a point. Optical fibres are used to convey 
the incident light from a 500 W light source and re tu rn  the reflected 
light to a transistor  photodiode supplied with an amplifier on the same 
chip. The signal rise time is of the order of 0.5 ms. The live sensors 
constitu te  an a rray  in which a leading probe is sym m etrica lly  
surm ounted  by three identical probes as shown in Fig 2.19. The fifth 
probe is placed on the same horizontal plane as the leading probe, at a 
short distance from it. An external discrimination circuit is used to 
select for m easurem ent only those bubbles which s tr ike  the a rray  of 
probes coaxially to give the m axim um  bubble height and bubble 
velocity. The fifth probe serves to m easure the position and height of a 
vertical chord at a know n distance from  the centre line, from  which the 
bubble shape can be deduced.
The m ajor disadvantage of this system is its size. Only bubbles 
greater than 6 mm can be detected and if the fifth sensor can be 
disregarded bubbles down to about 3 mm can be registered. A successful 
bubble encounter w ith  the probe m ay be a rare event, a typical 
experimental run  in a s ieve-tray  fro th  was reported to take about 4 
hours [51]. It is also d o ub tfu l  w hether the in s trum ent w ould be strong 
enough to be used in highly tu rbu len t contactors such as stirred vessels. 
Nevertheless, it is still an im portan t contribution in this field. A sim ilar 
probe has been used more recently  by Glass and Mojtahedi [94] to 
investigate bubble size d is tr ibu tions  and rise velocities in a free ly -  
bubbling fluidised bed.
The latest version of libre optic probes is by De Lasa et al [52]. 
This system consists of fou r  400  /im diam eter U-shaped probes. The 
fibres arc protected inside stainless-steel tubes. The radius of the U bend 
is approximately 0.5 m m  al the tip  of the probe. The light source used is
27
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A singk  probe. A. 0.018-0.024 cm : B. 0.280-0.295 cm : C. 
11.5 -12J e m ;  D. J8 -40cm .
Fig 2.18 Light probe of Calderbank and Pereira (1977) [51].
3
Fig 2.19 Spatial orientation of light probe elements [51].
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a Helium-Neon laser beam. A microprocessor was used lo r  data  analysis. 
2.2.4 Conductivi ty probes
The conductiv ity  probe method, also called resistiv ity  probe 
method, is based on the difference in electrical resis tiv ity  between the 
liquid and the gas phase. Hence, the first requirem ent when using a 
conductivity  probe in tw o-phase flow is that the tw o phases have 
significantly different electrical conductivities. The principle of the 
technique is i l lu s tra ted  in Fig 2.20. Impedance changes due to change of 
phase d istr ibution  between the tw o  electrodes produce a change in the 
ou tpu t signal. Different positions and shapes of electrodes have been used 
by diff erent w orkers . The tip of the measuring probe constitutes the first 
electrode while the second electrode may be a second probe, the metallic 
protecting sheath of the measuring probe or the general ground of the 
contactor.
Since the m ethod was first proposed by Akagawa [53] (1963), 
m any designs have been developed. At first these in s trum en ts  were 
generally relatively  bu lky , bu t progress on m iniaturisation was achieved 
when Lecroart and Porte [54] (1971) developed a probe, the sensing part  
of which was a tungsten wire, 20 fim in d iam eter (Fig 2.21). They used a 
direct curren t supp ly  to energise the probe. This is the easiest solution 
and it has been adopted by other w orkers [14, 55-57]. In order to reduce 
electrochemical phenomena on the sensor, however, low voltages m ust be 
used (500 mV m axim um ). As a consequence the resu ltan t electronics 
may become troublesom e while the probe m ay undergo alteration due to 
electrochemical deposits. The o ther solution is the use of an alternating 
sinusoidal curren t supply . This technique has been employed by several 
investigators [58-61] in o rder to e lim inate the electrochemical 























10 2 0  pm)
Fig 2.21 Resistivity probe of Lecroart and Porte [54].
detected by am plitude modulation of the a lternating  ou tp u t signal. The 
requirem ent in this ease is that the cu rren t frequency is significantly 
dilferenl from the frequency of the phase changes. An a lternative  
solution which was adopted by Galaup [46], utilises an a lternating 
square cu rren t waveform. Over ha lf  a period the system  behaves as 
though it is supplied by a DC source. The supply  frequency has to be 
lower than the signal frequency.
The signal delivered by a resis tiv ity  probe is s im ilar to that 
delivered by a fibre optic probe (see Fig 2.16). The resis tiv ity  probe is 
often used as an a lternative  to the optical probe because of its simpler 
construction. Like the optical probe, the conductiv ity  probe can yield 
inform ation  on the local gas fraction and bubble frequency in a 
dispersion. Double sensor probes have also been used to measure local 
interface velocity [55-62]. Four such probes are shown in Figs 2.22-2.25 
for the sake of comparison. The probes of Buchholz and Schugerl [62], 
and Lewis and Davidson [61] are capable of detecting bubbles down to 
0.58 and 0.5 mm respectively, while Thang and Davis [60] claimed that 
the m in im um  bubble size that could be detected was 0.1 mm, which 
represents a great im provem ent in the sensitiv ity  of m easurem ent. These 
two-electrode probes have also been considered lo r  the m easurem ent of 
local bubble size d istribution . Buchholz and Schugerl [62] evaluated the 
bubble velocity from the tim e difference, At, between the s ta r t  of the 
signals of the leading and the tra iling electrodes and the distance, Ad, 
between them as:
and the size of the bubble was represented by its  piercing depth, Z,,, 
obtained from:
Fig 2.22 Resistivity probe of Serizawa et al (1974) [56].
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Fig 2.23 Resistivity probe of Buchholz and Schugerl (1979) [62].
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Fig 2.25 Resistivity probe of Lewis and Davidson (1983) [61 ].
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where, t , is the dwelling lime of the leading probe in the bubble. The 
signals were processed in a crystal-contro lled  digita l-com puler 
m easurem ent amplifier w ith  an integrated digital-to-analog converter. 
They used a com parator for comparing the times t x and t 2 from the 
signals of respectively the leading and trailing needles in order to reject 
bubbles which are not pierced centrally . The ratio of the time values had 
to com ply w ith  a specified boundary value. In the case of spherical 
bubbles the m easured chord length is equal to the diam eter of the 
bubble. However, for bubbles w ith  irregular shapes the measured size 
will deviate significantly from  the true  bubble size. This clearly lim its  
the scope of application of tw o-point conductiv ity  probes for bubble size 
m easurem ent. In addition, using Equation (2.6) for determining the 
velocity especially of bubbles not centrally  pierced, m ay lead to greater 
inaccuracy. This point has been examined by Steinemann and Buchholz 
[63] w ho derived the following expression which takes into account the 
effect of bubble cu rv a tu re  (see Fig 2.26):
v. = (2 .7)
At j + A / 2
Lewis and Davidson [61] and Lewis et al [64] used the times t Jt t 2 
and t 3 stored by a microprocessor (Fig 2.21),  and the known needle 
spacing to obtain the velocity of the front interface and that of the rear 
interface of the bubbles, and tw o m easurem ents of the intercepted 
bubble chord. A m axim um  difference margin of ± 15%  between the 
measured bubble chords or velocities was set for the acceptance of a 
bubble, otherw ise it was discarded in the subsequent analysis. Typically, 
20-40% of the bubbles were, thus, rejected. The resolution of tim e 
measurement was 0.1 ms. The bubbles were assumed to be spherical and
p ro b e
\  deiO'i A
bubbiesurtoce
/
Fig 2.26 Derivation of bubble velocity taking into account 
effect of bubble cu rv a tu re  [63].
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Fig 2.27 Signals from  probe of Lewis and Davidson [61, 64].
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an expression for the probability, Pr , of a bubble to be detected and 
accepted was derived:
4 c 2dc
ird2 cd 2- c 2yh
where, c is the bubble chord length and d is the bubble diam eter. The 
detected diam eter d istribution D’(d) was obtained from the measured 
chord frequency distribution  and the probability d istr ibu tion  function. 
Since the probability of a bubble being hit by the probe is proportional to 
its projected area, ie., cc d 2, D’(d) was weighed by d~2 to correct for 
bubbles not detected by the probe. Their results  in the riser section of 
an a ir -w a te r  recirculating bubble column revealed a mean bubble 
d iam eter of 2.5-2.7 mm and a m axim um  bubble size of 10-15 mm for 
different air superhcial velocities. This makes the assum ption of 
spherical bubbles look very dubious.
A lot of uncertainties exist in the deduction of the bubble size and 
velocity d istribution  at a point in a dispersion from data  yielded by 
two-elem ent probe configurations because of the varying and unknow n 
positions at which the probe contacts the bubble interfaces. In attem pting 
to remove some of these uncertainties, Burgess and Calderbank [14] 
developed a three-dimensional conductivity  probe w ith  five channels 
(Fig 2.28) for use in sieve-tray colum ns and freely bubbling gas- 
lluidiscd beds. Its geometry is s im ilar to that of the optical probe of 
Calderbank and Pereira [51], described in Section 2.2.3. This device was 
interfaced to a high speed digital computer. A typical pulse sequence 
generated by a single bubble as it hits the probe array  is shown in Fig 
2.29. A discrim ination logic process allowed only those bubbles whose 
central axes were coincident w ith the probe axis to be analysed, 
therefore, rejecting bubbles which are olf-ccntre. The bubble size was,
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Fig 2.28 Five-point conductivity  probe of Burgess and Calderbank [14].
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Fig 2.29 Typical pulse sequences generated by the probe when a 
single bubble in w ater rises into the probe assembly Each point 
represents an instantaneous voltage sampled by the computer. 
The channel numbers are given by (he code in p i Q  9 * 9
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thus, defined in terms of ils centra] chord length given by: 
I = vbtc
where the bubble velocity is obtained from:
t  2 + t  3 + /  4
The function of the probe’s fifth channel is to give inform ation on the 
bubble shape by an extra  vertical chord. To be detected by all five 
channels, a bubble m ust have a m in im um  major axis of approxim ately
11.7 mm. The m inim um  bubble size which can be detected by the four 
central channels is about 3 mm.
Figueiredo [38] used an identical probe to measure bubble size 
d is tr ibu tions  in a s tirred  vessel. However, it had only the main four 
channels, and the probe separation had to be reduced to allow bubbles 
down to 0.98 mm to be detected. Successful bubblc-probe encounters 
were rare so tha t a typical run  took about 3 to 4 hours to obtain an 
average of 200 successful samples. This constitutes the main draw back 
of this instrum ent.
Much more recently, Steinemann and Buchholz [63] designed a 
four-po in t conductiv ity  probe made of 20 /zm platinum  wires fused in 
glass (Fig 2.30). The total diam eter of the probe was about 500 jjlm. This 
constitu tes  a major im provem ent in m iniaturisation of these three- 
dimensional probes. The in s trum en t w orks  in a conductiv ity  range of 
continuous phase from  30 to HP /zs/cm, which makes m easurem ents 
possible in distilled w ater as well as in concentrated solutions. This in 
itself is an im portan t achievement since all previous probes did not 
operate at such low conductivities. The instrum ent was coupled to a 
com puter and the resolution of lime measurement was 1 /is. Instead of
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accepting only those bubbles which rise vertically with respect to the 
probe axis, diagonally rising bubbles are also measured. The time 
sequence generated by the four electrodes is combined w ith  the know n 
electrode spacings in order to describe the bubble motion including its 
velocity, vb , the direction of its tra jectory , 0 , and its rise angle, 0, (Fig 
2.31). An equation relating these three unknow ns can be w ritten  for each 
pair of probe electrodes, w hich includes the  centre channel (0 )  and one of 
the three upper channels (i= l,2 ,3):
vb^t i l+ti 2^  = 2(J7; cos0—A, s in (0 + 0  )sin0) ( 2 .9 )
where and t, are respectively the tim e delays between channels 0  and 
i for the fron t and the rear of the bubble, o ther param eters being defined 
in Figs 2.30 and 2.31. A system  of three equations has to be solved to 
obtain the values of vh , 0  and 0 for each bubble detected. Using these 
param eters  and assuming the bubbles to be ellipsoids of revolution 
(w hich includes the particu la r  case of spherical bubbles), the mean 
bubble size is determined. The smallest bubble size tha t can be detected 
w ith  th is  system is 1 m m . This means th a t  bubble size d istr ibu tions  will 
be biased, a drawback which is shared to different extents by all 
resis tiv ity  probes described above. The accuracy of the m easurem ents  is 
also affected by the q u a li ty  of the probe signal. This is usually  
characterised by a relatively  slow response as the bubble is being 
pierced, owing to liquid thinning a t the tip, followed by a relatively  
faste r  voltage change as the  probe tip re tu rn s  to the liquid phase. For 
im proved accuracy the signal response should be made as fast as 
possible. This is usually  achieved by coating the sensor tip  w ith  a 
hydrophobic substance eg. PTFE, Araldite , varnish. The signal obtained 
is transform ed into a rectangular signal by means of a Schm itt trigger. A 
voltage level near the liquid line is usually  chosen as the trigger level.
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2.3 N on-invasive techniques
2.3.1 Photographic m ethods
Flash photography was one of the first methods to be used in the 
s tudy  of tw o-phase How and it is still often used as a check on the 
valid ity  of data  obtained from  other measuring techniques (eg. 
m easurem ent of interfacial area by a chemical method [1-3] or by an 
optical method [2-6]). It has been widely used to estim ate bubble size 
d is tr ibu tions  and interfacial area in different fields of gas-liquid 
contacting [7-15], eg. tw o-phase pipe flow, sieve-tray  fro ths, bubble 
columns, stirred  vessels. Hsu cl al [16] have made an extensive review of 
photographic techniques and equipm ent.
Basically, the method involves taking Hash photographs of the 
dispersion and determ ining the Sautcr mean bubble diam eter, rf32, 'f rom  
these photographs. Knowledge of the gas holdup w ould then allow the 
intcrfacial area to be calculated from  the relation a= 6 € /rf32.
Calculation of the Sautcr d iam eter requires three-dimensional 
inform ation on the geometry of the bubbles. Above a certain size, 
bubbles are no longer spherical and since only two-dimensional 
geometrical dimensions are available from  the photographs, a first 
approach to solve the problem w ould be to model the shape of the 
bubbles. A tw o-param eter  model in which one end of the bubble is 
assum ed to be a hemisphere and the other end is assum ed to be one-half 
of an ellipsoid of revolution is a popular model [17-19] because it can 
describe a num ber of different shapes, as shown in Fig 2.32, depending 
on the relative lengths a and b. Tw o equivalent d iam eters, dA and dv , can 
be defined for a bubble:
- Based on the projected area of the bubble, A:
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d A = —  ( 2 . 10 )7T
where, A can either be direelly measured or calculated if the shape of 
the bubble is characterised by a given model.




( 2 . 11)
In this ease the assum ption of a model is necessary. It m ust be 
emphasised tha t a model can only approxim ate the shapes of the bubbles 
in the dispersion. However, it cannot fit them exactly, and the 
uncerta in ty  stemming from the imperfection of the model m ay be 
impossible to determine.
Although it is not a lw ays clearly stated, it seems that the use of 
autom atic  image analysers which can m easure w ith high precision the 
projected areas of the bubbles, has led researchers [2] to estim ate the 
Sauter mean bubble diam eter from the equivalent d iam eter dA. This 
approach is a priori interesting since it avoids the problem of modelling 
the shapes of the bubbles. By considering the model, described above, 
Veteau [9, 18] theoretically evaluated the e rror incurred in estimating 
the Sauter mean diam eter from the equivalent diam eter dA. The error 
varies according to the value of the bubble shape param eter e (=a/b), as 
shown in Fig 2.33. For e=l ie., for spherical bubbles the e rro r  is zero as 
expected. From Fig 2.33 it can be seen tha t the Sauter d iam eter is a lw ays 
overestim ated for e ^ l ,  and for an im portan t range of e values ie., 
0 .7 < e < 1 .4 ,  the error is w ithin 5%.
A lternatively , the principles of stereology which relate three- 
dimensional param eters defining a s truc tu re  to two-dimensional 
m easurem ents obtained on sections of the structure , can be used to
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e = a /b
e = 1 
( I )
b
e <  1 e >  1 
(lii)
Fig 2.32 Two param eter model for bubble shapes.
I
e
Fig 2.33 Variations of the error on d 32 with e [9, 1 8].
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determ ine the Sauter mean bubble diameter, gas ho ldup and interfacial 
area of the dispersion [20]. This method of system atic point counting 
consists in superimposing a square grid on the sample photograph, as 
shown in Fig 2.34, and counting the fraction num ber of grid points 
contained inside the projected bubble areas, Pp, and the num ber of 
intersections of the grid lines with the contours of the projections per 
unit length of test lines, P, . The Sauter mean diam eter, the gas holdup 
and interfacial area are then given respectively by:
d  32 = 3 ^ f  e = P a = 21',
1 t
This technique str ic tly  applies for random plane sections of the 
s tru c tu re  and it is dillicult to assess the e rror involved in applying it to 
photographs w hich are m erely projections of the boundary  plane of the 
dispersion. The method, however, was used by Calderbank. and Rennie 
[10] for analysing photographs of bubble clouds in s ieve-tray  columns. 
Although the bubble size determ ined photographically seemed to be in 
good agreement w ith  tha t obtained from  optical reflectivity and y -ray  
transm ission m easurem ents  at high gas flow rates, the interfacial area 
and gas ho ldup were invariably  lower than those deduced from the other 
tw o methods. They concluded tha t the bubble sample as viewed at the 
colum n wall was representative of the dispersion in the bulk, of the 
fro th , but an unrepresentative larger volume of liquid was present a t the 
wall. Therefore, they determ ined the interfacial area from the gas 
holdup as m easured by y -ray  attenuation and the photographically 
determ ined bubble size.
The photographic technique is experim entally simple, non-invasive 
and can be applied to both low and high viscosity system s. In addition to 
the quan ti ta t ive  inform ation it can provide on bubble sizes, it has also
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Fig 2.34 Method of systematic point counting.
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the m erit of revealing some qualita tive  information on the  s truc tu re  of 
dispersions such as spatial bubble d istribution and bubble shapes. 
However, the m ethod suffers from some handicaps which m ust also be 
borne in mind when it is used. The main draw back is w hether 
inform ation extracted from  photographs taken through a transparent 
wall is 'rep resen ta tiv e  of conditions over the entire cross-section of the 
dispersion. Vcteau [9] measured the interfacial area in a vertical 
rectangular channel. The results  obtained from photography were found 
to exceed those found using light a ttenuation  by 30%. This difference 
was a ttr ib u ted  to the  sm aller bubbles near the wall which are detected 
photographically . An equal probability  of finding bubbles w ith  different 
sizes on the photographs can only  be achieved in the case of a narrow 
bubble size d is tr ibu tion . In the case of a broad distribution , the larger 
bubbles having greater rising velocities will exhibit shorter  residence 
tim es in the plane of m easurem ent, thus, resulting in truncation  of the 
bubble size spectrum . Burgess and Calderbank [15] have shown tha t this 
elfect was responsible for interfacial areas determined photographically 
being appreciably higher than those obtained from a chemical or a local 
technique in s ieve-tray  froths. A fu r th e r  disadvantage lies in the 
complicated evaluation process. The analysis  of the photographs is time 
consuming and above all it is subject to inherent measurement 
uncertainties which may be impossible to determine. Recently Takahashi 
et al [21] utilised the technique to  measure bubble size d istributions in 
the region close to the impeller tip  in a stirred vessel. Most of the 
bubbles were less than 0.2 mm w ith  an im portant fraction having a 
d iam eter of 0.05 m m . Even with a 10 tim e magnification this would still 
require accurate m easurem ent of 0.5  m m  dimensions. It has been shown 
[9] that to obtain a reproducib ility  of resu lts  better than 3% at least a 
sample of some 300 bubbles m u st be analysed. Even when automatic
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image analysis methods are used to speed up the processing of 
photographs and increase the accuracy of the measurements, the opinion 
of the investigator is im portant since he has to decide w hether a 
particu la r  profile present on the photograph is actually  in the plane of 
m easurem ent or not. Trice and Rodger [5] reported the data  extracted by 
five dilfcrent researchers from the same photographs. The m axim um  
difference am ounted to 3.5%. Azzopardi [75], on the o ther hand, reported 
much higher discrepancies going up to 1 7%.
2.3.2 Laser-based techniques
The principle of operation of some of the initial laser-based 
techniques is described by H ew itt [65, 66]. These methods which re ly  on 
the existence of Mic scattering are limited to the detection of particles 
less than about 150 /zin [70], well below the size range encountered in 
most two-phase flow applications. The use of two crossed laser beams to 
create a field of light and dark  fringes provides a means of measuring the 
velocity of a moving particle [72]. As a small particle crosses these 
fringes the scattered light will a lternate  in intensity between bright and 
dark  as a fringe is crossed. A photo-m ultip lier tube suitab ly  located will 
collect the scattered light and deliver a signal w ith varying am plitude. 
From the frequency of this signal and the fringe spacing which can be 
calculated from the laser light frequency and the angle between the tw o 
beams, the particle velocity is determined.
In recent years a ttem pts  have been made w ith  the aim of adapting 
this technique to include sim ultaneous measurement of particle size. 
However, most of the system s proposed are only valid for small particle 
sizes and very low concentrations [71]. More recently, Lee and 
Srinivasan [73] (1982) have developed a reference-mode laser-dopplcr 
anem om eter for sim ultaneous velocity and size measurement of large
particles in two-phase How suspensions. The optical arrangem ent used is 
represented in Fig 2.35. The incident laser beam from a 15 mW  Hc-Nc 
source is split into two beams of different intensities. The weaker beam 
is used as the reference beam and the stronger one as the scattering beam. 
A fter  being polarised to form a 45° polarisation angle between them, the 
tw o beams are focused to the same point to form a small measuring 
volum e (240 /zm). The scattered light from the scattering beam on 
hitting a moving particle in the sample space is recorded together w ith  
the reference beam by a matching receiving lens along the direction of 
the reference beam. The resulting beam is then split into two, one in the 
polarisation direction of the scattering beam and the o ther in a direction 
perpendicular to it. A photo -m ultip lie r  is located to pick up the first 
beam which consists of the scattered beam and the component of the 
reference beam, which is in the same direction, whereas the second beam 
consisting of the reference beam component w ith  a polarisation direction 
perpendicular to that of the scattering beam, is received by a photo­
diode. The photo-m ultip lier  tube produces the doppler signal for 
measuring the velocity whereas the  signal from the photo-diode serves to 
measure the time for the particle to cross the reference beam, which is 
used in conjunction w ith  the vertical velocity from  the doppler signal to 
obtain the diam eter of the bubble. The system was interfaced to a m ini­
com puter for the purpose of da ta  acquisition and processing. The 
technique was tested by controlled experim ents using steel balls and 
w ater droplets  of know n sixes (1 -6 .4  m m ). The accuracy was found to 
be w ith in  2%.
Instead of a tw in-laser-beam  system , Semiat and Dukler [70] 
(1981) passed a single laser beam through a grating to produce a sim ilar 
field of dark  and light fringes on the other side of the grating. The elfect 
of intersection of the laser beam by a moving transparent water drop
behind the grid is illustra ted  in Fig 2.36. Part of the incident rays is 
reflected by the drop surface, while the other part is refracted into the 
d rop  and refracted again as it leaves the drop at the other side. In the 
case of an air bubble the reflected rays  are sim ilarly  located, bu t because 
of the inversion of refractive index, the rays diverge as they enter the 
bubble and diverge again as they re-en ter  the liquid, the end resu lt  being 
the same as for the drop. As the bubble moves dow nw ard , the fringes 
move across a vertical plane a t exactly  the same frequency at which they 
are intercepted by the bubble surface. A photodetector w ould  give a 
signal having a frequency equal to the know n fringe spacing divided by 
the unknow n bubble velocity. The same result can be obtained by 
detecting the reflected fringes at point P2 in a horizontal plane.
The sampling volume, here, is determ ined by the intersection of 
the laser beam w ith  the optical line of sight of a detector through a lens 
system . For bubbles greater than  375 /im, the optical sample volume is 
the bubble volum e itself. In dense dispersions, however, small diameter 
optical fibres can be used as a light detecting probe. W hile in th is  way, 
the optical sam ple space can be significantly reduced, the technique loses 
its elegant characteristic featu re  of being non-intrusive.
For the purpose of m easuring tw o coordinate velocities along with 
the bubble size the au thors  em ployed the arrangement shown in Fig 2.37. 
Tw o gratings arc rotated at a controlled  speed through the laser beam. 
The fringe spacing and speed of ro ta tion  are selected so as to give a signal 
w ith  tw o d istinct and non-overlapping frequencies as the bubble moves 
through the sample space. The d isks  are located so that one measures the 
horizontal velocity while the o ther  measures the vertical velocity of the 
bubble. The same photodctector is used to pick up both doppler signals 










Fig 2.35 Optical arrangement of Lee and Srinivasan [73].
Fig 2.36 Geometric optics for o loser beom intersecting a drop-jyoj
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Fig 2.37 The use of rotating gratings [70].
detector is used in view of determ ining the particle size. Bubbles are 
detected as they pass in front of a narrow  slot fitted w ith  a ribbon of 
optical fibres which convey light to this detector. The passage time of 
each bubble is extracted from the signal obtained. This tim e is used in 
conjunction with the m easured velocity in order to obtain the bubble 
diam eter. The signal processing system is interfaced to a com puter for 
d a ta  analysis. During m easurem ents  bubbles which donot give rise to a 
doppler signal and are only detected by the slot-beam detector, are 
au tom atica lly  rejected.
The tw o laser-scattering techniques described above, like any  
technique that uses a passage time m easurem ent to determ ine the 
d iam eter  of a particle, have tw o major problems in common. The first 
one is that a chord ra ther  than the true  diam eter m ay be measured, the 
effect being particu larly  significant for bubbles w ith  irregular shapes. 
The second handicap lies in the fact that, as they stand, these techniques 
can be applied only to narrow  dispersed system s w ith  extrem ely low 
concentrations because of m u ltip le  particle presence in the laser bcam(s) 
ou tside  the sample space, which leads to a breakdown of the detection 
process. In order to overcome this difficulty and extend the application of 
such techniques to higher ho ldup  dispersions, these m ethods should be 
designed in the form of subm ersible probes, which w ould  bring them 
u n d er  the category of invasive techniques. Fibre optics, however, provide 
great potential for m iniaturisation  [74].
2.3.3 Radioactive absorption techniques
Attenuation of collimated G am m a-ray or X -ray beams passed 
through a gas-liquid dispersion, can be used to measure gas holdup. The 
use of these techniques has been discussed by Hewitt [65, 66]. Gam m a- 
ray absorption is a widely used technique especially in two-phase pipe
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How [46, 67]. The absorption of a collimated beam of initial constant 
intensity  I 0 (photons m ~2s ) is described by the exponential relationship 
[6 6 ]:
/  = ( 2 . 12)
where j j l  is the mass absorption coefficient, p the density  of the absorbing 
m edium , and z the distance travelled through the dispersion. In applying 
this method, a radioactive source of y - ra y s  or X -rays, and a radiation 
detector ( typ ica lly  a plastic scintilla tor coupled to a photo-m ultip lier)  
are mounted diam etrica lly  on either side of the gas-liquid contactor. The 
intensities Jg and 1, recorded by the detector w ith  the contactor, 
respectively, fu ll of gas and liquid are first measured. The gas holdup is 
then obtained by m easuring the in tensity  I(i transm itted  through the 
actual dispersion [66]:
€  =
In/,/ —In 7/ 
In/, - I n / , (2.13)g
This single beam technique gives a chordal mean value of the gas holdup. 
To obtain a cross-sectional average value for the holdup, three 
a lternatives are available [66]:
1. Traverse a single beam across the contactor and determ ine the mean 
cross-sectional value by some suitable integration of the chordal mean 
values.
2. Use a m ultibeam  y  or X -ray  system . Here, m ultibeam s are taken from 
a single radioactive source [68], as shown in Fig 2.38.
3. Use a broad radiation beam, as wide as the section of the contactor. 
This ’one-shot’ technique is described by Lottes [69].
In y -ray  measurements, two main sources of radiation are 
available, Caesium 137 and T hulium  170. Calderbank ct al [39] used
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both these sources to measure the loam density in a distillation column. 
An au tom atic  t im er allowed the time for Kb counts through the em pty 
colum n Uu), through 1 iqnid-li 1 led column it,) and through the dispersion 
Ul t), lo be m easured. The gas-liquid density, p(/, was determ ined from:
P</   lf^o 1 n£t/ ^2 j
Pi In I <—ln/7
Belter accuracy was achieved by the Cs 137 source than the Tm 170 
source. This was due to the linear relation between In/ and density  in 
the  case of the mono-energetic Cs 137, which is not s tr ic tly  valid for the 
m ulti-energetic  Tm  170. Although, Thclium being the more strongly 
absorbed in w ater , gives higher sensitivity.
It is im p o rtan t to note th a t  calculation of gas holdup from 
Equation (2 .13) is only valid if the two phases are homogeneously mixed 
and there  are no large fluctuations in the density of the m ixture. In the 
la t te r  case, the detector will record the mean of several exponential 
functions  and  not the exponential of the mean density  [39]. In case of 
void orientation a n d /o r  time fluctuations, a solution is to use Cs 137 as a 
radiation source because its weak absorption can be approximated by a 
linear law which w ould  then give [65, 66]:
However, high source strength  is needed to achieve the required accuracy 
in th is  case.
An inherent source of inaccuracy in this technique is due to the 
random  natu re  of the creation of photons. The s tandard deviation on the 
count ra te  is given by [66]:
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(7  =  —
r
w here t  is the counting time over which the' rale R is determ ined. The 
s tandard  deviation decreases (as a fraction of R) as both R and 7 
increase. The time for to4 counts must be observed in order to achieve 1% 
accuracy in the count ra te  from a radioactive source [39]. O ther 
difficulties involved in the use of this technique lie in the safety 
problems associated w ith  the handling of radiation.
2.4 S u m m a ry
A wide variety of m easurem ent techniques capable of providing 
useful inform ation on local and global bubble param eters in different 
gas-liquid contactors exist. All these methods are limited in one w ay or 
another, either in the ir  ability  to measure accurately  the bubble 
param eter in question or in their being applicable to a sufficiently wide 
range of gas-liquid dispersion conditions. In recent years a noticeable 
trend  of interest in probes capable of measuring local bubble properties 
has emerged because of the ir  versatility  and flexibility ie., application to 
a wide variety  of gas-liquid  flow situations. They reveal more 
inform ation  on the in ternal s truc tu re  of gas-liquid dispersions than other 
techniques. Although they  are invasive, significant progress in their 
m iniaturisation has been achieved, therefore, reducing the flow 
d isturb ing  effects. The in troduction of laser systems coupled with fibre 
optics shows good promise in this respect. However, the  problem of 
investigating the fluctuating s truc tu res  of gas-liquid dispersions is fa r  
from  being solved and hence more development is needed in the area of 
two-phase flow instrum entation .
Chajtier 3
DESIGN OF EXPERIMENTAL EQUIPMENT AND PROCEDURES
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3.1 Introduction
This chapter embodies details of the experimental arrangement 
and the procedures employed in this research. Section 3.2 gives a 
description of the general layou t of the equipm ent and discusses the 
most im portant design features of the mixing vessel such as the sizing of 
the prime mover, the mechanical design of the impellers, the agitator 
shaft and the bailies, and the selection of appropriate shaft  couplings. 
The techniques used for measuring agitator speed, power and total gas 
holdup are dealt w ith  in Section 3.3.
3.2 M ixing apparatus : Design and layout
3.2.1 General layout o f equipment
A general view of the mixing rig and the associated data  
acquisition and m easurem ent system is shown in photograph 3.1. 
Photograph 3.2 shows the im peller shaft assembly including the torque 
transducer and the drive end of the motor. The air line including air 
filters, humidifier and flow m eters, is shown in photograph 3.3, while the 
speed controller and the computerised impeller speed and torque 
supervisory system is displayed in photograph 3.4.
3.2.2 General design procedure
When designing a m ixer fo r  a given process du ty ,  it is necessary to 
first specify the size of the tank and its geometry. Next, the type and size 
of impeller to fulfil the process requirem ents are specified. This enables 
the horsepower required to be estimated together w ith  other special 
requirem ents such as fixed-speed operation, or adjustable variable-speed 
range operation. The type of prim e mover needed will be determined 
once these criteria have been selected. Mechanical design of other
P h o t o g r a p h  3 . 1  G e n e r a l  v i e w  o f  m i x i n g  r i g
P h o t o g r a p h  3 . 2  I m p e l l e r  s h a f t  a s s e m b l y . P h o t o g r a p h  3 . 3  A i r  l i n e
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P h o t o g r a p h  3 . 4  
C o m p u t e r i s e d  t o r q u e  a n d  s p e e d  m e a s u r e m e n t  s y s t e m .
59
i m p o r t a n t  e l e m e n t s  o f  th e  m i x i n g  u n i t  ea n  t h e n  be ca r r ie d  o u t .
3.2.3 Mixing v esse 1
The mixing tank is a 1.0 m d iam eter  by 1.50 m high Hat-based 
cylinder, made of 8 mm thick perspex plate, fu lly  baffled with four 
stainless-steel plates 90° apart, projecting rad ia lly  inward from the wall 
to a distance one-tenth the vessel d iam eter and extending to a height of 
1.25 m. It is located in a square-section perspex water-jacket which 
perm its  tem perature  control of the tank  contents as well as light- 
d istortion free viewing and photography through the walls. Viewing and 
photography are also possible through a 0.65 m diam eter window in the 
tank-base  supporting frame. A detailed diagram of the installation is 
given in Fig 3.1.
3.2.4 Drive motor selection
Three sizes of the well known six-blade disc turbine were adopted 
in th is  s tu d y , equivalent to im pcller-to-tank  d iam eter ratios of 1/4, 1/3 
and 1/2. The impeller clearance above the base of the vessel was fixed at
0.25 m ie., T /4 . This was shown by Nienow et al [76] to provide good 
dispersion of gas.
It is well appreciated tha t an im peller d raw s significantly less 
power under gassed conditions than under ungassed conditions. For a 
six-blade disc turb ine  operating in a fu lly  baffled tank, the ratio of the 
two horsepowers is about 0.5. An industr ia l gas-liquid mixer m ay be 
required to fulfil just  one specific task, therefore, the drive unit should 
be selected to meet this particular task because oversizing the prim e 
mover w ould  lead to unnecessary capital expense. However, a safety 
system which in the event of loss of gas flow would either slow down 
the m ixer o r  completely disengage the im peller should be incorporated in
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the installation. A research system on the other hand, is usually  a 
m ultipurpose  facility and therefore, would be expected to operate safely 
under gassed or ungassed conditions, being subjected to various levels of 
loadings in the speed range considered. One of the essential features of a 
m ultipurpose  experimental rig is a wide speed range and sufficient power 
capability so that a range of impeller sizes and fluid viscosities can be 
used. Also, the sensitivity  of power to small changes in speed, 
necessitates continuous speed regulation under vary ing  loads. The speed 
range should be selected to allow operation at different turbulence levels 
ie., from  low to high levels of agitation. Holland and Chapman [77] 
expressed the different levels of agitation in term s of agitator tip speed as 
follows:
Low agitation 2.540—3.302 m Is  ,
Medium agitation 3.302—4.064 m / s  ,
/Ugh agitation 4.064—5.588 m Is  .
For the present system the speed range was selected to contain the 
above tip  speed range fo r  the three impeller sizes employed. Then, 
taking into account this range of agitator tip speeds use was made of the 
published power num ber data  versus Reynolds num bers  to estimate the 
m axim um  power required. In this aspect, it is w orthw hile  mentioning 
the m anual by Advani [78], which contains a large set of useful tables of 
computed horsepower values for five different tu rb ine  designs of various 
sizes a t  a wide range of speeds and liquid viscosities.
Finally, once the essential requirem ents of the drive are 
determ ined, a suitable electric motor has to be selected w ith  regard to 
available standard sizes, flexibility of the machine, its cooling capability, 
quality  of speed control, ease of installation and cost. A 5.5 KW DC 
geared m otor having adjustable speed over a 21:1 range (0.42-8.77 rev /s)
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was selected to power this mixing unit. High accuracy of speed control, 
better than ± 0 .10; of full speed throughout the speed range, is achieved 
by means of a Tacho Feedback controller through a tachogenerator fitted 
at the non-drive end of the motor. Details of the m otor and controller 
are given in Appendix A.
3.2.5 Im peller design
The turbines used were made of 316 stainless steel and had six 
welded-on flat blades. They were hub m ounted on the shaft w ith  a 
rectangular key and three set screws at 120°. The general design w ith  
proportions of blade w idth  and length is shown in Fig 3.2.
3.2.5.1 Blade design
The impeller should have blades strong enough to be able to 
w iths tand  the m axim um  bending stress tha t  can be caused by the 
tangential forces imposed on them by the fluid flow. The bending 
m om ent resulting from the shaft torque can be shown to have an 
effective radius equal to 0.402D [79]. Using this relationship, a simple 
analysis  of the stress applied to the blade yields the following equation 
for the material thickness, tht [79]:
where,
Ts = m axim um  torque applied, 
nb = num ber of impeller blades,
W = w idth of blade,
cr = allowable working stress for the blade metal. For a six blade 
s tandard  turbine, as used here, the equation becomes:
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t A — y\1 ,<S9 •
I )  <j
(3.2)
The final value of the metal thickness had to be selected to correspond 
w ith a s tandard  available plate thickness. In this case it was 1/8 inch ie., 
3.18 mm.
3.2.5.2 Hub design
A simple and rational way is to use a h u b  w ith  the same torque 
transmission capability as the shaft. This method is also recommended 
by Leedom and Parker [79]. From a simple stress analysis  [80], an 
implicit equation is obtained which relates the in ternal diam eter of the 





d, = internal hub diameter, 
d0 = outer  hub diameter, 
r = allowable shear stress for the material, 
f c = stress concentration factor,
Ts = shaft torque.
The stress concentration factor, f c , is incorporated to allow for the 
elfect of the keyw ay and the set screws. The above equation can be 
solved to give the exact value of d„ only when the value of d, ie., the 
shaft diameter, has been determined. This will give the m inim um  hub 
thickness required which may have to be increased to allow for welding 
and also to give enough set-screw length. Some recommended s tandard 
hub dimensions are given by Uhl and Gray [79], The dimensions of the 
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i m pci 1 er d i m cn s i on s.
3.2.6 Shaf t design
3.2.6.1 Design requirements
The shaft is a vital element of the m ixer and care should be 
devoted to its mechanical design especially when dealing with large scale 
units, as often it is a m ajor limiting factor of the perform ance of the 
system . Its main function is to transm it the torque from  the drive to the 
impeller. However, it must also be stiff enough to w ithstand  the bending 
m om ent imposed on it by the lateral hydraulic  forces acting on the 
agitator. Equally im portant, the shaft and impeller m ust have their first 
natura l frequency of vibration far  from the range of operational speeds. 
Axial forces due to the weight of the shaft and impeller are generally 
insignificant in the design of the shaft whereas out-of-balance forces can 
be minimised by dynam ic balancing of the shaft and impeller, small 
machining tolerances and good alignment of the impeller w ith the shaft. 
Typically , turbine agitators have a cantilcvered shaft  ie., w ith  no steady 
bearing at the bottom. This is one more reason w hy  care m ust be 
exercised in its sizing.
3.2.6.2 Design procedure
The design of the shaft consists of the two following main steps:
•  Computing the shaft d iam eter which fulfils the requirem ents of torque 
transmission and resistance to bending from the hydrau lic  force.
•  Determining if the first critical speed of the shaft  and impeller is 
reasonably far  from  the operating speeds.
(i) Strength criterion
Fig 3.3(a) shows the main shaft loads for the mixer configuration
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used. These stresses created by the impeller torque and fluid force result 
in a combined shear stress and a tensile stress (Fig 3.3(b)). The 
m axim um  bending moment is obtained as the product of the resultant 
hydrau lic  force Fh and the distance from the impeller to the first 
bearing, L, ie., M = F h L . This hydrau lic  force is caused by the fluid 
turbulence and has a random magnitude and direction. It is difficult to 
determ ine theoretically and consequently, it is usually  measured on a 
laboratory  model [81-83] and correlated w ith the appropriate 
dimensionless groups so that using s im ilarity  principles the results  can 
be applied to the actual system. For tu rb ine  agitators Ramsey et al [84] 
quote a correlation for this hydraulic  force in term s of shaft  torque and 





w here b is a service factor which is taken to be 1.0 if the impeller does 
not run  at the liquid surface for long periods but higher if this is the 
case or if the shaft m ay be subjected to shock loadings, although no 
fu r th e r  details are given by the authors. In our case b was taken to be 
1.5.
The m inim um  diam eter of the shaft  will be the greater of the tw o 
values ds and dt calculated from the following relationships [85] to meet 
respectively the allowable shear stress r  or the allowable tensile stress a  
of the shaft metal:
= ( 3  5 )  
7TT
3 = u ,(m +-Jt ,2+m 2) (3  6 )d,' =
7T(J
For this system the m axim um  rated torque for the drive  is 100 Nm and
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the m axim um  bending m oment w ould  be equal to:
0 .0 6  7 9 X 1 0 0 X 1 . 5  »iA/ = -----   =  4 0 . 7 2  Nm
0 .2 5
The recommended values [84] fo r  the shear stress lim it and tensile stress 
limit for stainless steel type 316 are respectively 4l.40xl06 Nm ~2 and
55.2 x io6 Nm ~2. Substitu ting  for t  and a  in the above equations gives:
d s — 2 3 . 6 8  mm d t =  2 3 . 9 4  mm
If the m otor is overloaded or the impeller jams suddenly  the torque 
developed in the shaft  before the overload protection cuts out will be no 
more than 2.00 times the m axim um  rated torque. Using this value the 
new values for the shaft d iam eter are:
d s =  2 9 . 8 4  m m  d t — 3 0 . 1 6  m m
(ii) C r i t i c a l  speed c r i t e r io n
As the speed of a ro ta ting shaft  system is increased it m ay tend to 
w hirl or vibrate strongly in a traverse  direction. W hen the speed of the 
shaft resonates w ith  one of the  na tu ra l frequencies of the system, the 
shaft deflection becomes so large tha t mechanical fa ilu re  will follow. It is 
usually  recommended [84] that the shaft  should not run w ithin  ±35% of 
its first critical speed, and preferably , it should not be this close.
Referring to Fig 3.4, the static deflection due to the shaft weight is given 
by [85]:
The static deflection due to the im peller weight is given by [85]:
6 8
^  U p p e r  B e a r i n g
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(3.8)
W  h e r e ,
K -  m odulus of elasticity  of shaft  material,
1 -  second moment of area of shaft,
W, = shaft weight,
Wj = impeller weight,
L = overhung shaft length.
The lirst critical speed of the system  is obtained from [85]:
w here 5 and A are in m and N cr is in rpm . This fo rm ula  assumes that 
the shaft is a bu ilt-in  cantilever. In practice, however, the flexibility of 
the portion of shaft between the support bearings w ould lower the 
critical speed of the system . A bearing span factor / B is therefore 
introduced to account for th is  ell'ect. Hence, the correct critical speed is 
given by [79]:
For the calculation of N'cr the weight of the largest impeller is used 
because it gives the lowest, ie., the w orst critical speed.
N. 30 (3.9)
N'cr = Ncrx f  B (3.10)
where,
Data '. = 151.2 A/, WL = 106.4 N ,  L = 1 m , a — 0.22 m ,
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E  =  2 0 0 X 1 0 9 Nm 1 = ----—.
6 4
From Table 3.2 il is clear that to satisfy the ci'itcrion that the m axim um  
speed of the system should  be less than 65% of the first critical speed, 
the shaft diam eter will have to be increased to 50 mm.
The shaft  and the impellers used were dynam ically  balanced and 
machined to small tolerances in order to keep out-of-balance forces 
dow n to a m inim um . The result was a very steady rotation of the 
agitator assem bly w ith no apparent vibrations. Support of the shaft  was 
provided by tw o rigidly m ounted self-aligning pillow-block ball bearing 
units, 50 mm in diameter.
3.2.7 Shaft couplings
The choice of appropriate shaft couplings requires careful 
consideration. Because a s tra in  gauge transducer had to be incorporated 
between the shaft  and the drive  un it  for torque measurements, tw o 
couplings were needed; These were of Fenaflex type  (Appendix A). They 
incorporate a flexible ty re  and provide a high degree of vibration 
damping, shock load protection and accommodation of mis-alignment. 
The flexibility of the couplings was also desirable because otherwise 
bending m om ents caused by any m is-alignm ent w ould  be added to the 
torques measured and hence causing errors  in power measurements.
3.2.8 Design of baffle plates
The baffles are used to prevent vortex form ation and hence are 
subject to a fluid force. This force is d istr ibu ted  over the immersed 
length of the baffle but it is not know n exactly how. There are different 
load d istributions which can be assumed, the simplest of which is a 
uniform distribution  of the fluid force over the immersed length of the
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T a b le  3.2 C r i t ic a l  speed f o r  d i f f e re n t  s h a f t  d ia m e te r s
dt A 8 Her f  B H  max/H cr
(m m ) (m m ) (m m ) (rp m ) (-) ( rp m ) ( N m a =526rpm  )
35 1.28 2.41 513 0.905 464 1.13
40 0.75 1.41 671 0.905 607 0.87
45 0.47 0.88 849 0.905 768 0.68
50 0.31 0.58 1045 0.905 946 0.56
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bailie. In I his case, the m axim um  dellection, 8;, , in the plate is related to 
its thickness, Bt , as [80]:
w  = load /un it  length,
li = m odulus of elasticity of plate material,
l.p = total length of plate, 
ap = immersed length of plate,
Bp -  width  of plate,
B, -  thickness of plate.
Therefore, the thickness of the baffle plate can be obtained for a given 
m ax im um  permissible deflection. The load required to produce collapse 
of such a plate by excessive plastic deflection can be estim ated from  [80]:
j3 = constant depending on w id th /leng th  of plate, 
oy = yield stress of plate material.
However, because of the uncerta in ty  in the w a y  the force is 
d is tr ibu ted  over the baffle, a more conservative m ethod is usually  used 
[79]. This assumes tha t the fu ll to rque developed by the agitator is 
resisted by a force applied in the m iddle longitudinal plane of the baffle 
(Fig 3.5). Therefore, each tw o opposite baffles will resist half the torque 
and hence the force Fb will be given by:
The m axim um  bending moment acting on the plate occurs at the point of
(3.11)
where,
w u =  /3oy B,2 (3.12)
where,
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a p p l i c a t i o n  o f  th e  fo r c e ,  Fig  3 . 6 ,  a n d  is g i v e n  by
A/» = • ( 3 . 1 4 )
P
and from basic stress theory:
or
Mb BpBt2
w here a  is the design tensile s tress of the plate m aterial. Hence, the 
baffle plate thickness is given by:
B ,  = T‘ 62 ( T - B p ) Lp crBp 
Data : Ts = 100 Nm , T = 1 m , B — 0.1 m , a = 0.25 m
(3.15)
= 1.25 m, cr = 55.2x1 ()6 N m ~ 2.
whence,
Bt = 3.48 mm
The thickness of the baffle plates which w ere made of stainless steel type 
316, was taken to be 4.76 mm which is the next upper s tandard  plate 
thickness to the value calculated above.
The fluid force applied on the baffles is periodic in na tu re  and has 
frequency, nF , equal to the product of impeller speed, n, and num ber of 
im peller blades, nb :
nF = 6n
The natural frequency of vibration of the baffles should, therefore, not 
coincide w ith  the force frequency. The m axim um  deflection of a baffle 
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a> = weight of baffle per unit length,
/ /  = length between supports,
E  -  m odulus of elasticity of plate material,
1 — lip Bf 3/ 12,
and the natural frequency of vibration is obtained from [85]:
n„ = (3.17)
2VS6 /1.27
Data '. (0 = 36.65 N / m  , L'  — 1.05 m, /; = 200x10^ N m ~ 2. 1 = 8.99xlO“10m4.
This gave a natural frequency of 9.91 Hz which is w ith in  the operating 
range of blade passing frequency (2.50-52.60 Hz). Therefore, two more 
supports  were added along the length of the baffles at equal spacing, 
which raised the natu ra l frequency to 89.20 Hz, well outside the 
operating range.
3.2.9 A ir l ine and sparging unit
Compressed a ir  from  the laboratory  air line was passed through a 
set of purify ing  filters before being m oistu re-satura ted  in a humidifier. 
The air pressure was reduced to the operating value by means of a 
pressure regulator and the flow rate  was adjusted with needle valves and 
metered w ith  calibrated rotameters. The air was then introduced at the 
centre of the tank base below the impeller through a single orifice 
stainless-steel tube of 19 mm diam eter, rigidly attached to the side of a 
baffle. This is the simplest sparger arrangem ent that can be used and 
there does not seem to be any advantage in using a more complicated 
arrangem ent such as a ring sparger or a set of single orifices [86].
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The m axim um  stable air-How rate available from the laboratory  
air line was 6 . 8 7 x n r 3 m V.v corresponding to 0.523 w i n  and to a 
superficial air velocity of 8 .7 4 x io~3 m /.*. Slightly higher air How rates up 
to 8.33x10-3 /7i V> could be obtained but only for short periods of time, 
therefore, they were not used in experim ents that required a stable  How 
rate for long periods of time.
3.2.10 Liquid media
The system is supplied with m ains w ater or w ater  softened by 
weak ion-exchange resin ( < 2 0  ppm), through a dual set of sedim ent 
removing filters. For all experim ents softened w ater was used instead of 
tap  w ater because of the excessive scaling deposition (precipitated 
Calcium and Magnesium salt)  that was experienced w ith  the la t te r  due 
to its high Calcium hardness (average 313 ppm ). The physical properties 
of the soft w ater were at 18 °C: 
p =  99 9  Kg /m 3, 
p  =  1.0X10"*' N s m  ~2, 
a  =  70.99X10"- '  N / m .
Sodium Chloride solutions of 0 .15M were also used as a ’non-coalescing’ 
medium. The salt used was of general purpose grade. The changes in the 
above physical properties were negligible at this concentration.
Control of the dispersion tem pera tu re  is provided through an 
on/off tem perature  controller, a p latinum  therm om eter im m ersed in the 
vessel and a pum p circulating w ater in the perspex jacket th rough an 
external cooling coil. However, tem pera tu re  control was not found to be 
necessary since the tem perature  remained stable at 18 ±  1 °C inside the 
tank when monitored over a period of a few hours of continuous 
operation. An explanation for this is that m ost of the heat generated by 
the mixing is carried away by the air  flowing through the dispersion and
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also because of the large surfaces available for heal transfer. However, 
w ith  more viscous 11 uids the case may be different.
3.3 M easurement techniques
3.3.1 Torque measurement
A torque transducer m ounted between the m otor and the impeller 
shaft  w as used for measuring the agitation torque (Photo. 3.2). Torque is 
transm itted  to a high tensile steel shaft to which is attached a netw ork  
of resistance-foil strain gauges. These are covered by the rotor tube 
which carries a set of four silver sliprings wired to the four term inals  of 
the fu lly -ac tive  strain-gauge netw ork. The very small angular deflection 
of the torque shaft, resulting from  the torsional shear stress, causes a 
change in the electrical ou tpu t signal from the bridge circuit, Which is 
d irectly  proportional to the transm itted  torque. The specifications of the 
sensor are given in Appendix A.
The instrum entation  associated with the sensor consists of a fixed 
gain f ron t-end  amplifier, followed by a suitable gain amplifier w ith  four 
m anua lly  switched ranges. The excitation supply to  the transducer is 40 
V DC and the 3 dB bandw idth  for the system is greater than 10 KHz. 
The 2 V full-scale ou tpu t is connected to a 12 bit dual-slope integrating 
A /D  converter under the control of the host BBC microcomputer 
(Appendix A). The integration period is 40 msec., giving good rejection 
of 5 0 /1 0 0  Hz noise. Recorded samples of the torque signal are shown in 
Fig 3.7.
The total torque measured by the transducer is given by:





Z e r o  L i n e
Fig 3.7 Samples of torque signal (steady state Q=0, D/T=I/3, water).
oo
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Tf  = f r i c t i o n  t o r q u e ,
T,. = torque exerted by the lluid on the impeller.
The friction torque Tf  was measured under a d ry  run for each 
im peller at each operating speed and subtracted from the total measured 
value in order to obtain the net value of the agitation torque. The 
friction torque was found to vary  linearly w ith  the rotational speed as 
show n in Fig 3.8, its value representing a few percent of the total 
measured ungassed torque at low speeds and dropping sharp ly  w ith 
increasing speed down to less than one percent (Fig 3.9). The friction 
torques were a lw ays reproducible to w ithin ±8% , whereas the 
reproducibility  of impeller torques was less than 5%. The m axim um  
erro r  from  the transducer calibration is quoted by the m anufac tu re r  to 
be ± 0 .1%  of the full working torque ie., ± 0 .1 4  Nm over the fu ll speed 
range.
As already described in Section 3.2, the m otor is supplied w ith  a 
tachogenerator connected to its shaft, which provides feedback of the 
shaft  speed. For the purpose of speed m easurem ent, an optical transducer 
was interposed between the m otor and the tachogenerator as illustra ted  
in Fig 3.10. This consists of a thin  hard  Nickel quality  encoder disc w ith  
120 radial slots, m ounted on the tachogenerator shaft, and an optical 
sw itch assembly fixed lo the m otor body, capable of detecting the 
passage of the slots. The ou tpu t of the optical switch is therefore 120 
pulses per revolution of motor shaft. A second ou tpu t of one pulse per 
revolution is provided by a single ’index’ slot cut into the edge of the 
disc and read by a second opto-sw itch. This constitutes an independent 
check on the speed measurement given by the first opto-switch. Fig 3.11 
represents schematically the speed transducer and Fig 3.12 is a 





























Fig 3.9 Ratio of Friction Torque to Measured U n g a ss e d  Torque
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The manual speed selling and display consists of a simple 
frequency counter arrangem ent. Pulses from the transducer are counted 
over a lixed period of either 0.5 sec. or 5 sec., giving a d isplay of the 
motor speed in rpm w ith  a resolution of 1 and 0.1 rpm respectively. 
Therefore, for low speeds the 5 sec. m easurem ent time period was used 
whereas for high speeds the 0.5 sec. period was used.
As illustra ted  in Fig 3.13, for autom atic  speed m easurem ent by 
computer, the transducer pulses are first fed to a d iv id e -b y -1 28 circuit. 
The ou tpu t of this circuit is therefore high for 64 pulses and low for the 
following 64 pulses. When high, the ou tpu t from a 50 KHz oscillator is 
fed to the counter pin of a VIA (V ersatile  Interface Adaptor) integrated 
circuit internal to the computer. On the high-to-low transition of the 
d river  ou tpu t,  the 50 Hz oscillator is disconnected and an in te rrup t to 
the com puter is generated. The in te rrup t service routine then stores the 
content of the VIA counter register in m em ory and prepares the VIA for 
the reset period measurement. In order to retrieve the cu rren t value of 
the shaft speed, a machine code routine called ’getspeed’ is invoked. This 
simply re tu rns  the cu rren t stored counter value. From this value, the 
shaft speed can be deduced by simple arithm etic .
3.3.2 Remote (automatic) speed set-point control
The Fenner motor speed controller is provided w ith  manual set- 
point control only. The set point is derived from a potentiometer 
mounted on the front panel. Modifications to the unit involved removing 
the potentiometer and replacing it w ith a remotely controllable voltage 
source. This consists of a low d r if t  in tegrator circuit ( ram p  generator) 
w ith two digital inputs, one to raise the set point and one to lower it. For 
manual control, two push buttons are provided on the fron t panel, 
together w ith an analogue voltm eter indicating the set point. For d r i f t -
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free operation, a ro ta ry  potentiometer on the f ro n t panel may be 
switched in. The circuit is arranged so that on sw itch-on, the set point 
assumes the value set on the ro tary  potentiometer, which is norm ally  
zero.
The ou tpu t from this device will, over a period of m any minutes, 
d r if t  aw ay from its set value. Occasional ad justm en t is therefore 
necessary, and this is easily perform ed by the m icrocomputer, which is 
also used to set the m otor speed to a value inpu t a t the keyboard.
Knowing the ram p speed, of the voltage source and assuming the set
point is zero, it is possible to calculate the time necessary to apply the 
raise-set-point signal in order to reach the required value. The shaft 
speed may be then m easured and corrective action taken  if necessary.
3.3.3 Power measurement
3.3.3.1 Mechanical power
The net power input to the dispersion by the agitator was 
calculated by:
P = Tk T,N (3.19)
o()
The com puter program m e used for power m easurem ent is given in 
Appendix B together w ith  a description of its  m ajor constituent routines.
3.3.3.2 Sparged gas power
The gas sparged in a mixing vessel transm its  energy to the liquid 
on expanding and rising to the surface. This energy contributes to the 
power dissipation in the vessel and should be taken into account 
especially at low impeller speeds where it can constitu te  a significant 
percentage of the total power. This aeration power can be estimated from
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the equation of Lehrer [87]:




m  = mass flow rate of gas, 
u Q = gas velocity at sparger exit,
R = gas constant (286.7 KJ/Kg°K),
T = tem perature  (291 °K),
I I  -  liquid height (1 .0 m),
H 0 = sparger height (18 m m ),
P5 -  pressure a t the dispersion surface, 
p = liquid density .
The first term  of the equation represents the kinetic energy contribution 
and the second term  the isothermal expansion energy of the gas. 
Calculations showed, however, tha t the kinetic energy term  contribution 
was negligible. Therefore, the above equation was simplified and 
reduced to:
^  =  7647<2 (3.21)
where Q is the volum etric  air flow rate.
3.3.4 Overall gas holdup measurement
The overall gas holdup, €, was evaluated by observing the rise in 
the level of the dispersion surface under aerated conditions and dividing 
this rise in the level by the total aerated height of the dispersion. For the 
purpose of level m easurem ent a capacitance sensing probe was used. The 
body of the probe consists of a 3.18 mm diam eter brass rod, 254 mm 
long, which acts as an electrode forming a capacitance between itself and
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the surrounding material. This capacitance changes as the height of the 
liquid in the vessel changes. The electrode was insulated w ith  a 1.59 mm 
thick PTFE sheath. The leveJ probe was used with a fast response 
capacitance to curren t ’Robcrtshaw Skil’ transm itte r  (100  msec.) which 
produced a standard 4 -20  mA DC curren t ou tpu t signal (Appendix A). 
The probe was calibrated by adding know n volumes of w ater to a 
cy linder and relating the changes in liquid level to the corresponding 
changes in the ou tpu t signal of the transm itte r.  A linear relationship was 
found in the form:
/ /  =  CV  + D  (3.22)
where,
//  = liquid height (cm )
V’ = ou tpu t signal (V olts)
C , D = calibration constants
Under agitation conditions fluctuations in the level occurred in the 
vessel. Therefore, the signal from the probe was sampled and averaged 
using a Macsym II microprocessor (appendix A) for a period of 5 seconds 
at a frequency of 1 KHz. The level probe was positioned in the m iddle 
plane between tw o  baffles. The height of the dispersion varied along the 
rad ius of the tank, therefore, five m easurem ents at five equally  spaced 
radial positions were made and an average value taken to represent the 
mean dispersion level. An ideal method w ould  be to average the level of 
the dispersion over a 90° sector as show n in Fig 3.14. However, this 
procedure is very tim e consuming. The level w ithout aeration was 
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3.3.5 Local gas holdup measurement
A conductivity probe has been developed for local holdup 
measurement. The probe is interfaced to a m icrocom puter for the 
purpose of data acquisition and processing. The technique is fu lly  
described in Chapter 6.
3.3.6 Bubble size measurement
A suction probe technique for bubble size m easurem ent has been 
developed. It involves continuous sampling of the gas liquid dispersion 
through a glass capillary tube. The bubbles are measured using light- 
emitting diode and photo transistor detectors. A high speed 
microcomputer is used to control the probe operation. The technique is 
described in detail in Chapter 4.
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Chapter 4





This chapter gives a detailed description of the capillary suction 
probe developed for bubble size measurement, and the instrum entation  
associated with it. The design and operation of the bubble detection 
device and the high speed data acquisition system are described. Some 
aspects of tw o-phase How inside the capillary are discussed as well as 
details  of the probe calibration procedure.
4.2 General principle o f the technique
The method uses a vacuum  to continuously w ith d raw  a small 
s tream  of gas-liquid dispersion through a precision th ick-w alled  glass 
cap illary  tube. Inside the capillary  gas bubbles are transform ed into 
slugs. Photodctcctors m ounted on the tube arc used to detect the bubble 
slugs, producing a b inary-w aveform  type signal. On-line com puter 
analysis  of this signal enables inform ation  on the size of the bubbles to 
be obtained autom atically .
4.3 Instrum entation
4.3.1 Suction probe
The bubble suction probe is a short length of precision th ick- 
w alled glass capillary tubing w ith  a funnel-shaped inlet. The dimensions 
of the glass probe are given in Fig 4.1, and the essential features of the 
in s trum ent arc described below.
4.3.1.1 Detector locations
Tw o Hats were cut on the tube in order to position the 
photodetectors. The use of such Hats served to reduce the bulk of the 
instrum ent, as well as offering a stable support for the detectors and
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im proved light transm ission through the tube. The detectors were 
secured on the tube using a clear type of silicone rubber ( type  732-RTV 
m anufac tured  by Dow Corning). In addition to its cleanliness it provided 
very good adhesion to the glass.
The detector pairs were positioned close to each o ther at an 
interval distance of approxim ately  3.4 mm. This short distance was 
found to be im portant in the analysis  of the signals from  the tw o 
channels. Because of the com plexity  of the tw o-phase flow inside the 
capillary (see Section 4.5.2), a greater interval between the detectors 
would make cross-correlation between the tw o channels more difficult. 
The light sources were placed on opposite sides of the tube to avoid any 
risk of light refracted from one light beam being detected by the o ther 
detector, which would give rise to spurious signals.
4.3.1.2 Capillary d iam eter
The choice of a suitable capillary  size for bubble m easurem ent is 
essentially a function of the sm allest bubble to be detected. Bubbles 
much smaller than the capillary d iam eter are not transform ed  into slugs 
and, therefore, give rise to signal pulses which are not of sufficient 
am plitude and width to be reliably m easured. Bubbles slightly sm aller 
than the capillary can still transfo rm  into short slugs because of the 
liquid film surrounding  the slug. This reduces the effective cross section 
area of the tube slightly.
The probe used had a 0.39 mm internal diam eter. It was carefu lly  
checked by measuring a slug of trip le distilled m ercury, inside the 
capillary, using a travelling microscope. The m inim um  bubble size 
detected was 0.30 mm approxim ately . Reducing the capillary size 
fu rthe r  was found to cause excessive bubble breakage inside the tube in
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addition to it being very prone to blockage from the smallest 
contamination present in the dispersion. In any ease, the e rror incurred 
in the m easurem ents  by rejecting these small bubbles would be 
negligible. For example, 900 bubbles of diam eter 0.1 mm w ould give the 
same interfacial area as one bubble 3 mm in diameter.
4.3.1.3 Probe l ip  geometry
The shape of the probe tip was found to be im portan t vis-a-vis 
bubble sampling. In a bubble sw arm , bubbles arriv ing  at the point of 
sampling can collide w ith  the edge of the probe tip. Depending on the 
angle of collision, the impact can cause the bubble to break if the tip edge 
is too sharp, as i l lu s tra ted  in Fig 4.2. Therefore, a search for a suitable 
probe tip geometry was carried out. The se t-up  used for this purpose is 
represented in Fig 4.3. The probe was positioned inside a ’tw o- 
dim ensional’ perspex cell and a varie ty  of mono-size bubble stream s 
generated by different size nozzles were directed at the tip. A detection 
system consisting of an in fra-red  light source and phototransistor was 
used to count the bubbles released by the nozzle. A ’G ould’ frequency 
counter coupled to the detector allowed autom atic  m easurem ent of the 
frequency of bubble generation, and by collecting a large num ber of 
bubbles in an inverted precision burette  over a know n period of time, the 
mean bubble size in the stream could be determ ined.
It was found tha t bubbles w ith radii sm aller  than the radius of 
cu rva tu re  of the tip edge did not break on impact. However, larger 
bubbles were prone to breakage at sharp  angles of collision. In its 
original form the probe had the tip shown in Fig 4.4(a). In addition to 
bubble breakage at the edge of the inlet, this probe had a short funnel 
entrance which did not allow a gradual transition  of the bubble velocity 
from that in the dispersion to the suction velocity inside the capillary.
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This resulted in bubbles splitting  at the entrance to the capillary. The 
shape shown in Fig 4.4(b) was found to lim it breakage to bubbles larger 
than 5 mm approxim ately . Larger bubbles of about 6 mm in diam eter 
were tested and found to split on hitting the probe tip edge bu t only at 
one particu lar angle. In a stirred  vessel, such large bubbles are a rare 
event and the likelihood of them hitting the probe tip at th is  angle w ould  
be very small.
It was found tha t in order to suppress bubble breakage the
geometry of Fig 4.4(c) w ould have to be adopted. This configuration,
however, presents tw o disadvantages; First, the relatively  large size of 
the tip  greatly  d is tu rbs  the sampling process. This was tested in a bubble 
sw arm  produced in the ’tw o-d im ensional’ cell and the perform ance of 
this tip shape is compared in Fig 4.5, to tha t of Fig 4 .4(b). C learly , the 
configuration of Fig 4 .4(b) has a much better perform ance as fa r  as flow 
pattern  d isturbance is concerned, than th a t  of Fig 4.4(c). The o ther 
draw back of the la tter  shape is tha t  the inner d iam eter of the tip  inlet 
has to be made larger in order to achieve the outer profile. This in tu rn  
increases the size of the sampling /.one, which causes m u lti-bubb le
sampling ie., the m easured bubble is the resu lt of coalescence of a
num ber of small bubbles. Hence, the tip geometry of Fig 4 .4(b) was 
chosen as the optim um  configuration.
4.3.1.4 Fully submersible probe
For application in large vessels, the probe was designed to be fu l ly  
submersible. This was achieved by locating the glass capillary  inside a 
length of stainless-steel tube, leaving the tip exposed, as show n in Fig 
4.6. The bubble detection assem bly was sealed by im m ersing the leading 
end of the tube in a solution of w aterproof silicone ru b b er  (9161-R TV ). 
Once set, this gave effective sealing and firm support fo r  the glass tube.
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F i g  4 . 5  ( a )  U n d i s t u r b e d  b u b b l e  sw arm i n ' t w o - d i m e n s i o n a l ' c e l l .
F i g  4 . 5  ( b )  No s i g n i f i c a n t  d i s t u r b a n c e  c a u s e d  b y  p r o b e  t i p  o f  F i g  4 . 4  ( b ) .
F i g  4 . 5  ( c )  S i g n i f i c a n t  d i s t u r b a n c e  c a u s e d  by  p r o b e  t i p  o f  F i g  4 . 4  ( c ) .
F i g  4 . 5  C o m p a r i s o n  o f  b e h a v i o u r  o f  d i f f e r e n t  p r o b e  t i p s  i n  a b u b b l e  
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Fig 4-„6 Fully submersible probe
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The signal wires from the detectors were channeled through the rear end 
of the steel tube, and suction was provided by connecting the end to a 
vacuum pump. The stainless-steel sheath achieved the desired rigidity 
and compactness for the in s trum en t design and provided adequate 
protection for the glass probe against mechanical shocks. Being 
essentially a dark  tube it also helped to improve the signal from the 
optical detectors.
4.3.2 Bubble detection system
4.3.2.1 Detectors
Tw o detectors are mounted on the probe. Each detector is a light 
em itting diode and phototransistor pair. These arc ’Farnell H 23A 1’ 
matched pairs which operate in the in fra -red  part of the spectrum. They 
are low cost and easy to install. They are effective over a gap distance of 
at least 10 mm and require no additional focusing of the light beam. 
Their small size was particu larly  desirable in reducing the bulk of the 
probe (Fig 4.7). The rays of the parallel beam of light passing through 
the glass capillary are refracted aw ay from  the normal on entering the 
tube filled w ith liquid or gas. A higher light intensity  is registered by the 
photo transistor when the light beam passes through the liquid, because 
of the higher scattering caused by the gas slugs, and the signal difference 
is of sufficient am plitude to distinguish between gas and liquid.
4.3.2.2 Signal conditioning
The signal conditioning unit comprises two identical channel units, 
each one controlling an LED-phototransistor pair. The circuit diagram of 
one channel is given in Fig 4.8, and the signal processing sequence is 
outlined in Fig 4.9. Each LED is fed with a stable current in the range 
0-30 mA adjustable from the system control panel, Fig 4.10. The value
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Fig 4.7 Detector dimensions (ram).
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of the cu rren t can be m easured on the panel meter with the m eter select 
sw itch in the appropriate  position. The phototransistor is connected to a 
bootstrap  curren t-vo ltage converter  circuit. The voltage o u tp u t  of this 
circuit is proportional to the curren t passed by the photo transisto r  with 
a constant bias of 15 Volts applied: 
v 0 = i .8 x i< r 3/ c 
where,
\/0 = o u tp u t  voltage,
lc -  phototransistor collector output.
This voltage may be displayed on the panel m eter for setting-up 
purposes. v Q is then applied to an offset-gain block. F irs tly , a voltage of 
0 -1 0  V m ay be subtracted from  l ’0, then a gain of 1 to 5 m ay  be applied 
to the difference signal. The ou tpu t of the offsct-gain block m ay  be 
d isplayed on the panel meter. Gain and offset are continuously  adjustable 
from  the panel.
The ou tpu t of the offset-gain block is fed to a variable hysteresis 
com parator circuit.This consists of tw o comparators, for an upper and a 
low er switching levels, and a bistable. The upper switching level is 
controlled from the fron t panel and can be read on the meter when 
required. The lower threshold is arranged to track the upper one, the 
voltage difference between them being adjustable from the ’w indow ’ 
sw itch cm the control panel w ith  the help of the meter. In practice, 
because of the short sw itching time of the detectors (100  /is), the 
position of these trigger levels was not found to be critical as fa r  as time 
m easurem ents were concerned. Therefore, they were adjusted fa ir ly  
close to the liquid-level voltage line in o rder to avoid the detection of 
occasional spikes in the signal that could either be due to the bubble 
carry ing  a small liquid drople t w ith  it or to the surrounding  liquid film 
try ing  to penetrate the bubble. The rare  spikes that were of enough
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amplitude' to be slill detected were subsequently  num erically  filtered. 
Lamps on the panel indicate the state of the ou tpu t from the 
com parators. In addition, an audible indicator can be connected to either 
com parator o u tp u t  when necessary lo r  setting-up purposes. These 
indicators also help to m onitor the operation of the probe during  
experim ental runs.
4.4 Data acquisition system
4.4.1 Design and development
The design of such a system evolved through different stages 
which u ltim ate ly , led to the system used here. In its early  form the 
operation of da ta  collection and processing was supervised by a Macsym 
II microprocessor (Appendix A), [92]. The signal ou tpu t from the probe 
was fed, al ter conditioning, d irectly  to the microprocessor through the 
analog input interface card contained in the m achine’s own ADIO 
(Analog Digital Input O utpu t)  bus. C ontinuous high frequency sampling 
of the signal was carried out and the signal voltage values collected were 
stored in the com puter m em ory for subsequent processing, as illustra ted  
in Fig 4.11.
This system  presented serious handicaps. Because of the relatively  
slow speed of the Basic programming language it could only cater for one 
detector channel and, therefore, it w as impossible to sample from the 
tw o channels sim ultaneously  w ithout losing vital inform ation. The 
second disadvantage was that although some 64 Kbytes of m em ory space 
was devoted to the data  storage, only a  relatively short sample of the 
signal could be stored at a time. In addition, this considerable am ount of 
data required a fa irly  long processing time.
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An in te rru p t-d riv en  system was then designed to work under the 
control of a BBC m icrocom puter (Appendix A). The presence of an 
assem bler in this machine allowed the use of machine code programming 
and therefore s im ultaneous sampling from the tw o channels was made 
possible. This system is described in Appendix C. The hardw are  w^as 
simple, consisting of tw o VIA chips and a few LSTTL chips. The method 
of da ta  acquisition was im proved so that instead of the continuous high 
frequency sampling of the signal only the times corresponding to changes 
of phase state were recorded (Fig 4.12). This resulted  in a considerably 
more cllicicnt use of the com puter m em ory and a substantial reduction in 
processing time. Furtherm ore, the softw are  control of data collection was 
incorporated into a ROM (Read Only M emory), leaving the m axim um  
am ount of com puter m em ory space for data. This was then readily 
available for analysis by the Basic-soft ware package running on the 
com puter using s tandard  array-referencing  statem ents. Because the 
com puter memory was available both to the data  acquisition system and 
the com puter analysis programme, s im ultaneous processing of the data 
was possible. It w'as envisaged that part of the com puter m em ory would 
be set aside for use as a firsl-in-first-out (FIFO) buffer. The in terrup t 
system would supply data  to the bulfer as they occurred, and the Basic 
program m e would be able concurrently  to read the data from  the buffer 
in the order in which they were collected.
U nfortunate ly , the system  did not perform  to expectation. 
Although the elapsed tim e was m easured to a resolution of 10 /is, the 
time required to respond to each input level change was of the order of 
milliseconds. It was thought at first that this would be acceptable, but 
input data  rates in practice turned out to be much faster than 
anticipated, so that signal level changes were effectively lost, making it 
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Fig 4.12 Time recording of phase state changes
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give good resu lts  with signals that exhibited low or moderate rales of 
phase state changes. Ideally, an external FIFO buJfcr was required, fast 
enough to respond to the input data. This would form an external 
’q u eu e’ of da ta  available to the com puter main program m e which 
through last machine code routines could be made to process them at a 
ra te  equal to or greater than the average rate of data  input. Then, the 
buffer only  has to cope w ith fluctuations in input data rate and can be 
made sufficiently large so that it would never completely fill in practice. 
U nder these conditions, sampling periods could be of practically 
unlim ited  length. The essential features of this proposed system are 
briefly outlined in Appendix C.
However, because of the am ount of time and labour tha t the 
developm ent of such a scheme would take, a compromise system, 
described below, which makes use of an external two-channel b inary  
w aveform  store, was eventually  built. This was successful and can serve 
as the basis for the design of a true  FIFO system.
4.4.2 Tw o-channel binary w aveform  store
This appara tus  was connected to the com parator ou tpu t from  the 
signal conditioner via an opto-coupler to minimise ground loops. It is 
capable of storing two independent binary w aveform s in solid-state 
m em ory w ith  a time resolution of 10 /ms. This freed completely the 
com puter m em ory for subsequent data  analysis tasks such as signal 
reconstruction, post-m ortem  signal conditioning, au to- and cross­
correlation, numerical filtering, spectral analysis etc.. Fig 4.13 gives a 
functional block diagram of this high-speed event logger. The timing of 
the appara tus  is controlled by the m aster clock which, when enabled, 
generates a 100 KHz square wave signal (Fig 4.14). This square wave is 
fed to the input control logic and the elapsed-time counter. The memory
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array  consists of 8192x32— bit words. Each word is used to store an event 
in the following way: the last significant 28 bits hold the contents of the 
elapsed-tim e counter at the time the event occurred. The most significant 
4 bits are provided by the input control logic and give inform ation about 
the event ie., the channel(s) on which the event(s) occurred and the 
polarity of the change(s) of s tate (Fig 4.15). The polarity  of an event is 
said to be positive if the change is from liquid to gas, and negative if the 
transition is from gas to liquid.
The address counter holds the cu rren t m em ory address and is 
incremented autom atically  a f te r  each m em ory w rite  operation. The 
sample-select logic is used to determ ine the m em ory size required for the 
current sampling operation. All or part of the available 8192 wrords m ay 
be used, selectable sizes being of the form 21+n. n =0/«6 . The shift register 
is used during  data retrieval by the microcomputer, providing a 
convenient intermediate storage and interface.
4.4.3 Sam pling process
When a sample is required, the m icrocom puter first produces a 
reset pulse. This sets the m em ory address counter and the elapsed-time 
counter to zero, and sets up the input control logic to detect the next 
negative-going input change ie., bubble nose interface. The com puter then 
enables the master clock signal. This edge is also used to increment the 
elapsed-time counter (Fig 4.14). The new7 input samples are compared 
w7ith the preceding samples by the input control logic. If a change of 
state in either or both of the inpu ts  is detected, the input control logic 
initiates a w rite  pulse, which first stores data  concerning the event in the 
memory word pointed to by the address counter, then increments the 
address counter to point to the next available m em ory wrord. If the 
selected memory space is now full, the sample-select logic w7ill disable




























Fig 4.13 High Speed Two-Channel Event Logger.
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th e  m a s t e r  c l o c k ,  i n h i b i t i n g  a n y  f u r t h e r  s a m p l i n g  a n d  i n f o r m  th e  h o s t  
c o m p u t e r  o f  th e  s i t u a t i o n ,  o t h e r w i s e  s a m p l i n g  w i l l  c o n t i n u e  a s  a b o v e .
4.4.4 Data retrieval
The address counter is reset to zero by the microcomputer. A 
latch-data pulse is then generated by the m icrocom puter which stores the 
current (zeroth) memory word in the sh if t  register. The register contents 
are then shifted out by the microcomputer as four  8-bit bytes. Finally, 
the com puter generates an incrcm ent-address pulse to point the address 
counter to the next available memory word. The process is repeated until 
the m em ory-fu ll llag is set, indicating that the available data have been 
retrieved.
A softw are package was w ritten  and used for the control of the 
sampling operation and the subsequent data retrieval and on-line 
analysis. This is given in Appendix B w ith  a description of its m ajor 
routines. The use of machine code routines allowed fast data  processing. 
Typically, a sample of 8192 w ords of data  was analysed and results  
printed in about three minutes.
4.5 Bubble size determ ination
4.5.1 Ideal case
For an ideal cylindrical slug occupying the whole cross-section of 
the capillary and moving at constant velocity ubt the length of the slug, 
lb, can be calculated from:
h = U „ T „  (4 .1)
as shown in Fig 4.16(a). The slug volume, Vb , will then be given by:
1 1 0
= f l bdc? (4.2)
4.0.2 Real case
The shape of an actual slug differs from the ideal cylindrical shape 
because of it convex ends (Fig 4.16(b)). A dditionally, it is also well 
known that the slug does not fill the whole cross-section of the tube. The 
bubble is in fact surrounded by a thin liquid him which may occupy a 
significant fraction of the capillary cross-section [88-90]. In addition, the 
motion of the bubble slugs was found to be quite different from that of 
constant velocity. By using a short capillary tube carry ing  detector pairs 
at different locations along its length, the motion of different bubble 
slugs was observed.
First of all it was found, as expected, that the detection tim e 
varied with the bubble size and suction pressure applied to the capillary. 
The detection time being longer for larger slugs, and for all slugs it 
decreased with increasing suction pressures. For a given bubble size, the 
detection time was different at different positions along the tube, the 
magnitude of the difference being dependent on the slug size, as shown in 
Fig 4.17. Also, the tail velocity of a bubble slug was found to be 
different from the nose velocity. For larger bubbles the tail velocity is 
greatest whereas for smaller bubbles the nose velocity is slightly higher 
than the tail velocity. This difference between nose and tail velocities 
shows that bubble slugs are not regions of constant pressure as would be 
the case if the flow regime in the capillary were dynam ically  stable ie., 
stable slug flow regime [90]. Indeed, because of the short length of the 
tube the end effects are im portan t and the assum ption of dynam ic 
stability  as made by Suo [91] in his model of two-phase flow in long 
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bubble slugs whose length is short relative to the tube length, is the 
difference between the two velocities small. This is because the pressure 
at the I'ront of the slug is slightly lower than the back pressure and the 
How can be said to be a quasi-slug flow. However, for larger slugs the 
flow is annu lar .  This can be easily understood by comparing the length 
of bubble slugs w ith the length of the tube, as shown in Fig 4.18.
A nother im portan t fact is that because of the pressure gradient 
inside the tube, the gas slugs are subject to an expansion effect, and 
therefore the volum e of the bubbles measured inside the tube will be 
different, to some extent, from the tru e  volume of the bubbles in the 
dispersion. Hence, it can be concluded from all these observations tha t 
gas-liquid Mow inside short capillaries is very complex and deviates 
significantly from that of a stable slug-flow regime as observed in long 
capillary lubes [90, 91]. Theref ore, in order to take the above factors into 
account a direct calibration of the probe wras necessary.
4.6 Probe calibration
4.6.1 C alibration  procedure
A precision micrometer needle syringe was used to inject a range 
of bubbles w ith  accurately know n volum es in the inlet of the capillary, 
at a fixed suction pressure. The o u tp u t  signals generated by these bubbles 
were analysed and correlated to the bubble volumes. Tw o different 
m ethods of correlation were considered. The first m ethod makes use of 
one single detector; The bubble detection time is d irectly  correlated w ith 
the bubble size (Fig 4.19). The second technique uses both detectors to 
measure the bubble detection tim e and bubble nose velocity. These tw o 
param eters are then correlated w ith  the bubble size (Fig 4.20). The twro 
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measurement errors that are likely to arise from the  calibration.
4.6.2 Krror sou rces
The calibration of the probe is achieved by measuring single 
isolated bubbles injected from  the syringe at a lixed suction pressure. In 
this mode the calibration is specific to the mean suction velocity used. 
However, when sampling from a dispersion fluctuations in bubble slug 
velocity can occur. These deviations from  the calibration velocity can be 
caused by the two main effects:
(i) Any significant contamination of the capillary  m ay cause a 
reduction in slug velocity. Under conditions of severe contamination the 
effect can be important. This is w hy  the capillary should be regularly  
cleaned. Prior to taking m easurem ents, the tube was a lw ays  cleaned w ith 
Chromic acid and thoroughly rinsed with double distilled water. In 
order to help detect the m oment a t which contamination s ta r ts  to build
up inside the tube during  experiments, the fac tor m  = Ub U* , is
calculated periodically by the softw are  program m e which controls the 
sampling operation, where:
Uh = bubble slug velocity under actual sampling conditions,
u , = 1 iquid velocity measured under contam ination-free conditions a t the
same suction pressure.
From the calibration data  which is obtained under contam ination-free 
conditions an estimate of the m in im um  value of m is obtained. When, 
during  measurements the value of m is found to fall below this value 
repeatedly, sampling is autom atically  stopped, the com puter emits a 
warning sound and a message to this ellect is displayed on the VDU 
screen. Cleaning of the probe is then carried out.
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(ii) When a series of bubble slugs are moving inside a capillary 
tube, bubbles c lose to each o ther interact. The trailing slug is accelerated 
by the wake of the leading one whereas the leading slug is accelerated by 
the expansion of the trailing one. As observed by Greaves and Kobbacy 
[92], the largest axial interaction occurs when the two successive bubbles 
are of different si/e, the tra iling one being the larger of the two. The 
possibility of bubble tra ins occurring inside the capillary is restricted to 
small bubbles only, when using a short length of tube. Coexistence of 
parts  of two large bubbles, one entering the tube and the o ther leaving it, 
or a small bubble followed by the leading interface of a large bubble are 
also likely possibilities. The effect of bubble interaction was checked 
using the set-up  of Fig 4.3. Bubbles were generated a t different 
frequencies, starting from a low frequency where only a single isolated 
bubble is sampled at a time, to higher frequencies where more than a 
bubble or parts of tw o bubbles coexist inside the tube at the same time. 
All variations in bubble slug velocity were found to be w ith in  8% of 
tha t of a single bubble travelling in teraction-free inside the capillary.
4.6.3 Evaluation of the one-dctector and the  two-detector techniques
The detection time of a bubble is a function of its velocity. 
Consequently, any changes in the velocity will be reflected in the 
measured values of its detection time and travelling time between the 
tw o detectors. These velocity changes were found to affect bubble size 
m easurem ents differently  according to w hether one detector or tw o  
detectors were used.
To sim ulate these bubble velocity changes, a bubble having a 
diam eter of 3.62 mm was injected into the capillary and its velocity was 
varied by altering the suction pressure. For each value of bubble velocity 
the calibration equation for the one-detector and the tw o-detector
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techniques were used to calculate the diam eter of the bubble, and the 
error between this value and the true  value of' the diam eter was 
computed for each one of the two methods.
For the one-detector method the calibration model is of the form:
and the e rror on the d iam eter is given by
1 tit>
lUn = -= £ --1
1 be
(4.3)
where, the indices c and e refer respectively to calibration velocity 
conditions and experimental velocity conditions.
For the tw o-detector system the calibration model is of the form:
V It CC
DT




-  l (4.4)
The values of H xn and I :2n are plotted against the velocity ratio U J U C in 
Fig 4.21, where:
Uc = calibration velocity,
= experimental velocity.
The first remark that can be made from Fig 4.21 is that the errors  
given by the tw o techniques are of opposite sign for the same value of 
velocity ratio. This means that, at the same condition, one method 
overestimates the bubble diam eter, while the o ther method
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detector system gives rise to considerably higher errors than the two- 
detector system. Indeed, the error c urve ol' the one-detector system is of 
an exponential nature  whereas that of the tw o-detector technique is of a 
linear nature  w ith a small slope. The low sensitiv ity  of the tw o-detector 
system to velocity fluctuations is expected since the velocity of the 
bubble is incorporated in the calibration equation:
V/’ = f  ( j y r ) or r W b T b )
When the velocity changes, the quantities  Tb and DT are both affected in 
the same way ie., they both increase or decrease and therefore, any 
consequent changes in the ratio Tb /D T  are significantly damped. The 
onc-dctector system, on the other hand, m easures the quan ti ty  Tb only, 
and this reflects any changes in the bubble velocity. In other words, the 
one-detector model in trinsically  assum es that the bubble slug velocity 
does not deviate from the calibration value during  measurements. Hence, 






Measurement of bubble size rem ains one of the most challenging 
problems in the held of gas-liquid contacting in mechanically agitated 
reactors. Being perhaps the least developed area, l itera tu re  on the subject 
is scarce. Most of the available information on bubble size has been 
evaluated in term s of an average global bubble diameter. This is derivedo  o
from estimates of total gas holdup and interfacial area, and not from  
detailed pointwise investigation of the internal dispersion s truc tu re  [22, 
30, 37]. The reason for this lack, of progress has been the absence of 
adequate m easurem ent techniques. It is only in recent years tha t serious 
attem pts  have been made to independently measure bubble size in s tirred  
vessels, in particu lar those of Figueiredo [38] and Greaves and Kobbacy 
[92]. Figueiredo used a four electrode conductiv ity  probe to measure the 
local bubble size in a 0.91 m tank. Only live points were investigated. 
The logic controlling the m easurem ent process selects only the bubbles 
that hit the four electrodes of the probe squarely. The method proved, 
therefore, to be very  slow since a successful bubble-probe encounter was 
a rare event. A typical run consequently required up to 4 hours to collect 
a sample of 200 bubbles. The bubble selection feature of the method 
could also introduce an unknown am ount of statistical bias in the 
sampling process. In addition, only bubbles as small as 0.98 mm could be 
detected by the probe. Greaves and Kobbacy [92] utilised a cruder 
version of the capillary suction probe technique adopted here. Their 
measurements relate to a small scale vessel (0 .20 m).
In this C hapter the capillary suction probe technique developed 
(Chapter 4) is used to measure the local bubble size in the 1.0 m stirred  
tank. Different regions of the vessel have been examined. These are the 
mid-plane between two adjacent bailies, the vertical plane coinciding
1 2 2
w i t h  th e  bai l i es ,  t h e  v i c i n i t y  o f  a bailie p la t e  an d  t h e  i m p e l l e r  d i s c h a r g e  
s t r e a m .  T h e  b u l k  o f  th e  m e a s u r e m e n t s  w a s  o b t a i n e d  f o r  a i r - s o f t e n e d  
w a t e r .  T h e  e f fec t  o f  e l e c t r o l y t e s  w a s  a l s o  i n v e s t i g a t e d .
5.2 Bubble sam pling process
In order to understand  the process of bubble w ithdraw al from a 
gas-liquid dispersion w ith  the suction probe, sampling from a chain of 
bubbles was observed using the arrangement described in Section 4.3 
(Fig 4.3). A normal sampling operation is shown in the photographic 
sequence of Fig 5.1. This dem onstrates the case where the probe is almost 
perfectly  aligned w ith  the bubble trajectory. In fact, th is  condition of 
’perfect’ alignm ent was found to be a necessary requirem ent for a bubble 
to be sampled by the probe. By alignment, it is meant that the bubble 
trajectory m ust coincide with the axis of the tube, or at least cross the 
sampling zone bounded by the periphery of the probe entrance, as 
illustrated  in Fig 5.2. The case when the bubble tra jectory  does not align 
with the probe axis but which passes through the sampling zone is 
dem onstrated in the sequence of Fig 5.3. The bubble is seen to h it the 
inner surface of the probe funnel before it is sucked in. A small 
deviation from  this trajectory, in any direction, causes the bubble to 
collide w ith  the edge of the probe lip, thus avoiding capture, as shown in 
Fig 5.4, or sim ply by-pass the probe inlet entire ly , as in Fig 5.5. This 
dem onstrates that the sampling zone does not extend beyond the 
immediate periphery of the probe tip entrance, and fu rtherm ore , the flow 
disturbance caused by the effect of suction is insignificant and does not 
cause any preferential bubble attraction tow ards the probe inlet from the 
surrounding flow field. This fact was found to be valid regardless of the 
suction rate through the capillary. Therefore, a high suction rate (4.5 
m /s )  was preferred in order to prevent the risk of bubble accumulation
Time
5 . 1  P h o t o g r a p h i c  s e q u e n c e  o f  n o r m a l  s a m p l i n g  o p e r a t i o n .
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at the probe entrance.
5.3 Experim ental procedure
M easurem ents of bubble size were carried out using the agitated 
reactor unit described in Chapter 3. The experimental se t-up  is shown in 
Photograph 3.1 and is i llustra ted  schematically in Fig 5.6. A vacuum 
pum p was used to w ithd raw  the bubble dispersion samples through the 
capillary probe via an a ir -w ate r  separator. The capillary was cleaned 
w ith  Chromic acid and thoroughly  rinsed with double distilled w ater 
prior to taking measurements. The probe was then positioned inside the 
vessel at the desired location. A fter  the gas-liquid dispersion was judged 
to have reached steady-state , the sam pling process was initiated from  the 
host com puter by s im ply running  the control programme. The total 
period of sampling was a lw ays selected to give a statis tically  acceptable 
sample of bubbles, m ain ly  around 500 bubbles. The same softw are 
analysed the acquired data  and the resu lts  were prin ted on-line.
5.4 Range o f  experim ents
Different regions of the 1.0 m reactor were explored. These were 
the m id-plane between tw o adjacent baffles, the plane coinciding w ith  the 
baffles and the leeward and w in d w ard  sides of a baffle. These 
m easurem ents included positions in the bulk  of the tank, the impeller 
m id-plane and also the lower part of the vessel below the agitator. The 
impeller discharge stream  was la ter  explored in m ore detail at a large 
num ber of points. In each case m easurem ents  were repeated at different 
agitation speeds and gas flow rates. Agitation was provided by a 0.333 m 
Rushton Turbine placed at 0.25 m above the tank base. The bulk of the 
results  was obtained using softened w a te r  for the continuous phase and 
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’p u re ’ system. The effect of the presence of im purities  in the w ater was 
also investigated by using a 0.1 5M Sodium Chloride solution.
5.5 Results and discussion
5.5.1 Definition of statistical param eters
The statistics for each local bubble size d is tr ibu tion  were 
calculated on-line from  the actual sample population data, which was 
then grouped into histograms. The num ber of size classes was chosen to 
be large enough so as to lose as little  inform ation as possible. The 
diff erent statistical param eters used are delined as follows:
(1) Mean bubble diam eter d
/ -n>
1 ^ -
d i „ = — ----  (5.1)nh
w here, dh is the bubble equivalent spherical d iam eter and nb is the total 
n um ber  of bubbles in the sample.
(2 )  Sauter mean bubble diam eter d 32:
: =//,.
Z V
</v> =   (5.2); = i
Z d b . ‘
! = 1
(3 ) S tandard  deviation a :
i=nb
Z ( d b — d  i2o)
v 2 = — ( pr—  (5.3)\nb - 1 )
(4 )  Coelli cient of variation C„:
This coefficient gives a measure of the spread of a d istr ibu tion  relative to 
its mean, and is calculated from:
Overall values of the mean diameter, <710> and the Sauter mean bubble 
diameter, d u , which represent a particu lar region of the dispersion in the 
mixing tank are calculated from the sum of all the measured local 
bubble size d istr ibu tions in that region.
5.5.2 Reproducibility of results
An im portant measure of any experimental technique concerns the 
reproducibility  of the results. This was checked under all agitation 
conditions employed in the experimental runs. Very good reproducibility 
of m easurem ents was obtained, as dem onstrated  in Figs 5.7(a-b), for the 
case of tw o successive samples taken at the same position. Under all 
conditions used, the reproducibility  e rror on the Sauter mean bubble 
d iam eter was never found to exceed the range 0-6%. Fig 5.8(a-b) 
represents a different test of reproducibility , wherein, tw o  measurements 
were perform ed using the same liquid under identical agitation 
conditions, but taken three days apart. The liquid was left exposed to the 
atmosphere during this period. Although the precision of measurement is 
still good, somew hat larger deviations are observed in this case between 
the two distributions. These differences are a ttr ib u ted  to the difficulty in 
preserving a constant level of cleanliness of the system in an engineering 
environment. Consequently, the liquid load was frequen tly  renewed and 
the reactor was cleaned regularly  and kept covered throughout the 
experimental runs. It is also im portan t to point out th a t  in the design of 
the mixing system only high grade stainless^-steel and natural-grade clear 
plastics were used for any mechanical parts  or surfaces that came in 
contact with the liquid phase used in the reactor, in order to minimise 
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5.5.3 Bubble size in mid-plane between tw o bailies
Measurements in the mid-plane between tw o adjacent bailies were 
carried out at 22 locations, as shown in Fig 5.9. The spatial d istr ibu tions 
of the point Sauter mean bubble diam eter are given in Fig 5.10. For the 
purpose of discussion, the grid can be divided into three main regions. 
These are the bulk of the tank above the impeller, the impeller zone and 
the region below it.
5.5.3.1 Variation of Sauter mean bubble diam eter 
(i) Im p e lle r  reg io n
The smallest bubble size in the reactor is found in the impeller 
region and, in particular, at the position closest to the impeller tip. This 
is due to the high level of turbulence generated in th is  zone, which causes 
high rates of bubble breakage. The effect of agitator speed is to reduce 
the bubble size at this location under all conditions. At o ther positions in 
the same plane, the bubble size is considerably higher, indicating that 
high rates of bubble coalescence occur in the im peller discharge stream. 
The effect of N on the local bubble size is complicated and there is no 
system atic trend. This is characteristic of a non-homogencous turbulence 
field in this zone. The effect of N on the overall mean bubble size is 
represented in Fig 5.11. At the lowest gas rate, the resu lt of increasing 
the speed is a sharp  fall in the overall Sauter d iam eter. As Q increases, 
the slope of this trend reduces until, at the highest gas load used, the 
overall efi'eet of N becomes negligible. From this  behaviour it appears 
that, whereas at low values of Q bubble breakage is chiefly responsible 
for determining the mean bubble size, bubble coalescence becomes 
increasingly im portant as Q increases, due to the higher bubble density. 
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rate  is to increase the bubble size. This is a consequence of two major 
factors. Firstly , an increase in Q reduces the level of turbulence in the 
agitated lluid, by reducing the mechanical power dissipation through the 
grow th  of the gas cavities behind the turb ine  blades, and also by 
dam pening the velocity lluctuations in the lluid. The micro-scale 
s tru c tu re  of the turbulence field is, thus, alfected in such a w ay th a t  the 
tu rb u len t energy acting to d isrup t the bubbles is weakened. Secondly, 
the bubble density increases because of the greater gas holdup, and this 
leads to higher rates of bubble collision and coalescence.
At 180 rpm the increase in overall Sauter diam eter, <732, to the 
increase in Q is three times greater between the lowest and m edium  
values of Q than between the medium and highest values. This is 
understandable  when one considers the corresponding changes occurring 
in the gas cavity structure . When Q is lirst raised from  the lowest rate 
to the medium rate, the gas cavity configuration (see Chapter 8), a lters  
from  six vortex cavities to six large cavities, causing a 41% decrease in 
total gassed power, p . This represents a d ram atic  change in the 
hydrodynam ic  field around the impeller, resulting in a significant change 
in the bubble size. Increasing the gas input to the highest rate does not 
a l te r  the shape of the gas cavities, but it does cause a slight increase in 
size (Chapter 8). This resu lts  in a 5% drop in total power, which is not 
sufficient to significantly affect the bubble size.
The bubble size in the impeller discharge stream  is studied in more 
detail in Section 5.5.6 below. Here, the region is explored using a much 
finer measurement grid.
(ii) Region below im peller
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In the region below the impeller, the central zone is void of 
bubbles at low agitation speeds. These llow conditions correspond to the 
s ta r t  of circulation in the lower part ol‘ the vessel, but the circulation 
loop is not complete. However, as the agitator speed is increased, the 
lower liquid circulation loop enlarges causing more gas to be dispersed in 
th is  area. The bubble size is quite large compared w ith  that in the 
impeller plane, due to weaker turbulence. Consequently, the principal 
factor determining bubble size in this region seems to be coalescence. In 
the radial direction, the bubble diam eter rises tow ards  the tank wall 
because, as will be seen in Chapter 6, of the increasing bubble density 
and gas holdup, which promote bubble collision and coalescence. The 
effect of impeller speed and gas flow ra te  can be deduced from  Fig 5.12. 
Increasing N has only a small reducing effect on the mean bubble size, 
which seems to diminish even more at higher gas rates. Similar to the 
impeller plane, the result of increasing Q at constant speed (N=180 rpm ), 
is a 16% increase in d y2 between the lowest and the medium gas loads, 
bu t only a 5% increase between the medium and the highest gas rates 
employed.
(iii)  Bulk region
The effect of agitator speed on the overall Sauter d iam eter for the 
bulk section of the tank was found to be insignificant. This is in 
agreement w ith the findings of Figueiredo [38]. It appears, therefore, that 
in this region the effect of increased turbulence through enhanced stirring 
is balanced by an increase in bubble coalescence due to the rise in gas 
holdup. This leads to a dynam ic equilibrium  in this region of the 
dispersion. Increasing Q (N=180 rpm ) causes an increase of 9.8% in <732 
from the lowest to the interm ediate gas rate. This condition, as 
mentioned above, corresponds to 41% reduction in power and a doubling
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o f  t h e  o v e r a l l  gas  h o ld u p .  In cre a s in g  Q to  th e  h ig h e s t  v a l u e  i n t r o d u c e s  no  
a p p r e c ia b le  c h a n g e  in <732. O n l y  a s l ig h t  d r o p  in p o w e r  (5 % )  w a s  
r e g is t e r e d  in th is  ca se  w i t h  6 r is in g  b y  o n l y  27% .
In the central core region of the bulk no large variations in the 
Sauter d iam eter values with spatial position are observed. However, 
appreciable differences do exist in most cases between the values at 
positions in the segment near to the tank wall and those in the segment 
near the shaft. Those near the shaft are generally significantly higher. 
The difference is more pronounced at lower positions in the bulk. For 
instance, at Q = l.64xlO-3 m 3/s  and N=250 rpm, the difference in Sauter 
d iam eter is 10-14-34-48%, respectively, for successive planes in the 
dow nw ards  direction. The segment near the wall corresponds to the 
upw ard  flowing section of the circulation loop whereas the segment near 
the shaft represents its dow nw ard  flowing branch. As will be seen in 
C hapter 6, the gas holdup in the la tter  region is substan tia lly  higher than 
in the form er, implying more coalescence, whence the difference in the 
bubble sizes. The m axim um  range of variation of d 32 w ith  position in 
the bulk section of the reactor widens w ith  speed for a given value of Q, 
and above full gas dispersion is generally greater than 30%. On the other 
hand, considering the distributions of the bubble num ber mean diam eter 
(</10), the range of variation was found to be w ithin  50 to 100%. The 
degree of variation w ith  position can be measured by a coefficient of 
variation (Equation 5.4) for the spatial d istribution of diam eter values. 
The coefficient values computed for the d istr ibu tions of d w were found 
to be approxim ately twice those for the d istr ibutions of </32. This 
discrepancy stems from, the mathematical definition of these two 
diameters, and their respective ability  to represent a given bubble size 
d istribution. d 32 is a very useful param eter and is used because it is 
directly related to the interfacia] area and the gas holdup ( a  =(>€/</32).
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However, it does not reveal all of the inform ation about the bubble size 
d istr ibu tion . In order to acquire a detailed and complete picture of the 
internal s tru c tu re  of the gas-liquid dispersion, in addition to the mean 
bubble param eters usually used, the actual local bubble size 
d istr ibu tions  should also be considered. This has im portan t implications 
for the calculation of mass transfer  rates. As already explained in 
Section 2.2.1 , when using the chemical method to measure the global 
gas-liquid interfacial area, its value is usually  calculated using the 
measured overall absorption rate together w ith the assum ption that the 
mean driv ing  force is effective over all bubbles. In actual fact, small 
bubbles m ay exhibit zero driving force in s ituations of high mass 
transfe r  rates and long residence times, thus  leading to large 
underestim ation of a. There is an increasing realisation therefore, tha t 
the mass transfer  rate should be integrated over all bubble sizes in the 
distribution, and not simply calculated from a mean bubble diam eter 
^ 32) [25, 27]. Consequently, the actual bubble size d istributions are 
of great importance.
5.5.3.2 Local bubble size d istr ib u tion s
(i) Effect o f  im peller speed
The histograms in Figs 5.13 and 5.14 represent the spherical 
bubble d iam eter distributions derived from  the samples collected at the 
measurement positions of Fig 5.9, at tw o different agitation speeds. Wide 
differences exist between the distribu tions from  one region to an other 
throughout the tank. At N=100 rpm, the d istr ibu tions near the impeller 
exhibit positive skewness and are positioned at the left hand of the 
bubble spectrum. The sh if t tow ards larger bubbles increases with radial 
distance, a sign that coalescence of the small bubbles generated by the 
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near the blades tow ards the wall of the tank. Decreasing turbulence in 
the same direction [143] also leads to less bubble breakage. At the higher 
speed ol" 250 rpm, the shift in the d istribu tions tow ards the lower end of 
the spectrum  is much more pronounced. At the two positions near the 
ag ita tor most of the bubbles are less than 0.5 mm. Takahashi ct al [21] 
used photography to measure bubble sizes, at extrem ely low gas input 
ra tes (0.0025-0.01 vvm ) and very low power inputs  (0.05-0.l6A'W/m3), 
around  the surface of the vortex gas cavity  of a Rush ton turbine in a 
0.61 m vessel. They obtained d istr ibu tions of s im ilar shape to the 
present ones. Kawecki at al [148] who estimated photographically the 
bubble size d istribution  by means of a small square column connected to 
the  tank  a t the impeller level, reported d istr ibu tions which were much 
m ore sym m etrical in form. This shows that their d istr ibu tions were 
affected by appreciable coalescence of the bubbles w hils t  residing in the 
connecting channel.
Below the impeller the d istr ibutions are positively skewed, but at 
the  location near the wall where coalescence is believed to be im portant, 
the histogram s are much more sym m etrical. Under all conditions, the 
effect of increasing N was found to consist in a shift of the d istributions 
at the inner positions to smaller diameters. Near the wall, there is lirst 
an increase in the mean (</10), but at high speeds (250 rpm ), as the liquid 
circulation becomes more intense, this effect is reversed. However, the 
d is tr ibu tion  retains a sim ilar shape.
At 100 rpm, the distributions in the bulk of the tank are mainly 
positively skewed. The shape of the d istr ibu tions is different from one 
region ol' the bulk to an other. At this How condition, the tank is 
behaving a lm ost like a bubble column w here the bubbles arc seen to rise 
through the liquid in vertical s tream s w ith  little  recirculation taking
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place. Furtherm ore, since the gas holdup is low and there is little 
coalescence, the difference between the d istr ibutions is much more 
pronounced in the radial direction than in the vertical direction. 
Increasing N to 250 rpm, increases the sym m etry  ol' the d istributions, 
thus  producing s lightly  more un ifo rm ity  in the local bubble si/e. 
However, in the segment close to the boundary of the reactor, their form 
rem ains largely unaffected, with an essentially constant mean and 
reduced peak value. The large difference in the form  of these 
d is tr ibu tions  w ith respect to those near the shaft is notable. The la tter  
d is tr ibu tions  contain greater proportions of large bubbles.
C learly , most of the d istr ibutions in the tank deviate m arkedly  
from  a s tandard  norm al d istribution, especially those in the agitator 
region. Since they all vary  w ith position and agitation conditions it is not 
practical to tit a separate theoretical d istribution  to each one of them.
(ii) Effect o f  gas flow rate
The elfect of increasing the gas llow rate at constant gassed power 
dissipation, on the local bubble size d istributions can be deduced from 
the histogram s in Figs 5.15 and 5.14. The total specific gassed power in 
both cases is 2.00 K W / m 3.
In the im peller region, the positive skewness of the d istr ibu tions is 
significantly increased. The peak value is also considerably reduced, 
par t icu la rly  at the tw o  positions closest to the agitator, leading to a 
greater n um ber  fraction of large bubbles. This signifies bubble 
coalescence taking place in the impeller stream due to higher gas holdup 
(see also C hapter 6). The presence ol' increased am ounts  of gas phase can, 
as mentioned in Section 5.5.3.1 (i)  above, act to dampen the turbulence 
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arc* alfectcd. However, it is the small eddies which are elfective in 
breaking the bubbles whereas the large eddies are only responsible lor 
their physical transport and distribution. Notably, also, is the difference 
between the gas cavity s truc tu re  behind the agitator blades. At the lower 
gas rate, the cavities are of a vortex nature, whereas at the higher gas 
rate they are of the clinging type (Chapter 8). The bubbles generated by 
the la tte r  are likely to be larger.
Below the impeller level, a large difference in the d is tr ibu tions  
occurs only at the position near the wall, where its shape becomes 
bimodal. The other d istr ibu tions remain largely unaffected.
The distribu tions near the wall in the bulk of the reactor are 
subjected to appreciable flattening and a greater spread tow ards the 
higher end of the spectrum. At other positions, the sy m m etry  of the 
histograms is reduced as most are shifted to the right owing to the 
greater proportion of large bubbles arising from coalescence.
5.5.4 Bubble size in baflle plane
In the few studies that exist on the internal s tru c tu re  of the gas- 
liquid dispersion in agitated reactors, efforts have a lw ays been 
concentrated on the r (rad ial)  and the z (vertica l)  directions. The 0 
(angular) coordinate is not usually  considered. It was thought, here, 
w orthw hile  to investigate the bubble size in a different plane from the 
45° plane thus far  explored. The baffle plane (0°) was considered to be an 
interesting section of the reactor. M easurements in this plane were made 
at the same locations as for the mid-plane, except the six positions near 
the wall which coincided with the baffle plate. This was done for one gas 
rate and 3 impeller speeds. The matrix  of the d 32 values obtained is 
exhibited in Fig 5.16.
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j— j 1.30 2.16 
0  3.23
N = 180 rpm
3.51 3.35 3.02





N = 250  rpm
3.24 3.25 3.14
3.29 3.28 2.65 
3.27 3.16 2.97
3.24 3 .30 3.15
j——10.51 0.93 
2.51 2.12
Fig 5.16 Spatial d istributions of Sauter bubble diam eter in baffle plane (m m ).
(Q = 1.64X10-3 m V.v )
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The effect ol' s tir re r  speed in the hulk region of the bailie plane is 
negligible. The intensification of turbulence caused by increase in power 
dissipation, which favours bubble breakage, is balanced by a
sim ultaneous increase in bubble coalescence due to increase in gas
holdup. Below the impeller, the reduction in J 32 values is more
im portan t,  but the greatest effect occurs in the impeller plane, 25% and 
44% successively from the lowest to the highest speeds.
Comparing this m atrix  of bubble d iam eters with those
corresponding to the same points in the m id-plane (Fig 5.10), shows that, 
overall, a finer dispersion exists in the bailie plane. In the upper part  of 
the tank, the discrepancy in the overall Sauter d iam eter for this section 
of the reactor with respect to the mid-plane, is significant and increases 
with the rotational speed, from 10% at 100 rpm  to 21% at 250 rpm. This 
rising trend indicates that even larger differences m ay be expected at 
higher agitation speeds, or higher power inputs. At position 17 near the 
tip  of the turbine blade, there is negligible difference between the mean 
bubble sixes in the tw o planes considered. At position 18 in the same 
plane, however, the bubble size in the baffle plane is appreciably lower. 
The region below the impeller also witnesses significant reduction in the 
mean bubble size.
Considering the two planes as a whole, the value of <732 in the 
baffle plane is smaller than the value in the m id-p lane by 10 to 23% 
from the lowest to the highest speed employed. Assuming that the gas 
holdup is the same in the tw o planes, the interfacial area w ould  be 
correspondingly higher in the ballfe plane by 11 to 30%. It is also 
interesting to note that al the lowest speed, the inw ard  circulation of gas 
from the wall has reached position 21 in this plane, whereas in the m id- 
plane, the gas is still confined to the zone near the wall. The baflles serve
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to break the rotational vortex motion ol' the liquid and direct the How in 
the tank more axially. Consequently, the circulation both in the upper 
part and the lower part of the contactor is expected to be more intense in 
the ballle region.
The local bubble size distributions in the ballle plane at 250 rpm 
are displayed in Fig 5.17. A comparison w ith  the corresponding 
d istr ibu tions in the mid-plane (Fig 5.14) reveals considerable difference 
in their forms. It is most pronounced in the bulk  region of the dispersion. 
The bailies create a different and more intense turbulence How field in 
this section, which affects the d istribution of bubble size. By adding 
together all of the local distributions, overall d is tr ibu tions  were 
constructed for the two planes and arc compared in Fig 5.18. The 
num ber of large bubbles is sm aller in the ballle plane, and 
correspondingly there are more small bubbles. This is made clearer in Fig 
5.19, where the corresponding cum ulative  d is tr ibu tions  are plotted. The 
ballle plane curve lies above the m id-plane curve by a substantial 
margin, dem onstrating the extra fineness of the dispersion in the baffle 
plane.
5.5.5 Bubble size near a baffle
The bubble size was measured on both the w indw ard  and the 
leeward sides of a baffle at different liquid depths, as shown in Fig 5.20. 
The positions explored were along a vertical line 35 m m  aw ay from  the 
baffle plate, in its m iddle plane.
The vertical variation of the point Sauter d iam eter on both sides 
of the baffle are exhibited in Fig 5.21. There, the bubble size varies 
considerably with liquid depth, the variations being more pronounced on 
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Fig 5-18 Overall Bubble  Size D is t r ib u t io n s  
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coefficients of variation, C„, of' the spatial d istributions of' the </32 values 
on the Front side, as shown in Fig 5.22. The overall values of' the Sauter 
diam eter on each side of' the baffle are plotted against the agitation speed 
in Fig 5.23, whence it can be concluded that, overall, increasing impeller 
speed leads to a significant reduction in the mean bubble size in the 
vicinity of' the baffle. The general effect is, however, more pronounced on 
the w indw ard  side. The decrease in bubble diam eter achieved on the 
leeward side, by increasing N From 100 to 180 rpm , is not significant. 
However, appreciable reduction takes place on the f ron t side. An 
additional 39% increase in speed produces a sharper decline in the J 32 
trend behind the baffle, whereas a reduction in the slope is caused at the 
front. These effects are considered to be due to enhanced turbulence at 
the rear of the baffle and, in tu rn , more bubble breakage, and increased 
bubble density  at the front, leading to more bubble coalescence. Thus, 
the two trends become approxim ately  parallel indicating that fu r th e r  
increases in agitation speed will produce similar reductions in <732, on 
either side of the baffle plate.
A pointwise examination (Fig 5.21) reveals tha t the most 
significant effect of increasing im peller speed occurs at points zl and z3, 
which are near the impeller m id-plane position (z l ) ,  due  to the stronger 
tu rbu len t field in this region of the stirred  tank.
Fig 5.22 dem onstrates that, for a given speed, the spread of the 
distribution of the </32 values, as measured by C„, is larger on the 
w indw ard  side. However, as N increases more dispersion takes place 
behind the ballle with more un ifo rm ity  developing in the front zone. 
This results in the two regions converging tow ards a sim ilar state of 
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Considering the profiles in Fig 5.21, al v ir tua lly  every point the 
bubble size at the front is significantly sm aller than that at the 
corresponding location behind the ballle, the exception being at positions 
zl below the impeller plane. For the two highest speeds the difference 
between the two bubble sizes is small, and for the lowest speed the 
bubble size is in fact lower at the back of the baffle. This is also true  for 
position z2, in the impeller plane. The w indw ard  side of the baffle, which 
is directly  opposed to the motion of the rotating liquid vortex, and which 
serves to break this vortex, is therefore a region of high turbulence. The 
tu rbu len t eddies with their  shearing action act to reduce the bubble size 
on the front-side of the baffle. The baffles, by opposing the tangential 
vortex, cause the How to be directed more axially near the tank wall. 
Indeed, visual observation through the transparen t w all of the tank 
showed tha t in the w indw ard  zone of the baffle, bubbles have m arkedly  
high rising velocities above the impeller plane and high dow nw ard  
velocities below it. On the other hand, the leeward side of the baffle is a 
relatively quiescent zone where the bubble velocities are fa ir ly  low even 
at high agitation speeds. Whereas near the impeller plane velocities 
appeared to be moderate, in the upper part of the  vessel bubble rising 
velocities were so low that bubbles appeared to be alm ost in free 
suspension. This stagnation behind the baffles does not promote mixing, 
especially when dealing w ith  highly viscous systems. This is the reason 
w hy industrial stirred reactors often have their baffle plates positioned a 
small distance aw ay from  the wall, in order to allow the fluid to 
circulate behind them and hence, enhance mixing in this region. On 
balance, coalescence at the rear of a ballle would, therefore, be expected 
to play a leading role over bubble breakage in determ ining the bubble 
sizes in this region, and hence, the mean bubble size is higher than that at 
the front side. The existence of significant coalescence on the leeward side
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of the bailies, is supported by the photographic evidence presented by 
Valentin [142]. The exception at point zl below the agitator plane, at the 
lowest speed of 100 rpm, can be explained in the following way. At this 
level of agitation, bubble recirculation in the lower half of the tank has 
just s tarted. The bubble velocities are low in this region, and the bubble 
density on the leeward side of the ballle is considerably lower than tha t 
on the w indw ard  side. This la tte r  phenomenon was observed v isually  
and con firmed by the fact that it took a much longer time, to collect an 
equal size sample of bubbles in the rear region of the baffle. 
Consequently, the higher bubble density  and m oderately low velocities 
at this agitation speed, cause higher coalescence at position zl on the 
front side, resulting in a larger bubble size.
5.5.6 Bubble size in turb ine discharge stream
5.5.6.1 Mechanism of bubble generation by a tu rb ine
In studying the mechanical gas-liquid dispersion process in a 
stirred  tank, the impeller region is of major importance. Indeed, it is 
there that the bubble generation takes place, and that most of the mass 
transfe r  has been shown to occur [3, 93]. The investigations of V an’t Riet 
and Smith [129], first shed light on the fundam ental mechanism of 
bubble form ation from the impeller. They reported a random closure of 
the cavity tips from which the bubbles are produced w ith in  a pair of 
trailing vortices. This put an end to the earlier assumed picture of the 
agitator pumping radially a m ixture  of gas and liquid. Photographs taken 
in this work (see Chapter 8), indicated that bubbles are dispersed from 
the irregularly  shaped envelopes of the cavities, although most of the 
dispersion seemed to occur from the wakes of the liquid vortices shed 
o u tw ards  from the ends of the cavities. Similar observations have also 
been reported recently by Takahashi ct al [21]. This process of bubble
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generation makes the gas eavities aet like a 'gas mixing reservoir’ where 
old recirculated gas mixes with fresh gas sparged into the impeller. 
Bubbles detaching from the cavities are carried by the liquid llow 
through an intensely tu rbu len t,  radially discharged stream . They are 
subsequently d is tr ibu ted  throughout the less fluctuating bulk of the tank 
by the circulating lluid, w ith  some gas being vented at the surface.
5.5.6.2 Variation of Sauter mean bubble diam eter
A fine quasi-point exploration of the turb ine discharge stream was 
conducted in the m id-p lane between two adjacent bailies. The area 
between the impeller tip and the tank wall was divided into a 3 0 x 3 0mm2 
netw ork of squares, as depicted in Fig 5.24. The total num ber of 
m easurement points was, thus, equal to 63. The m easurement grid 
extended, vertically, 1.3 blade w idths on either side of the horizontal 
edges of the turb ine blades, and radially  well inside the ballle region. The 
point Sauter diam eter values obtained are displayed in Figs 5.25(a-c), for 
the conditions investigated.
The curves in Fig 5.26, represent the variation w ith  height of the 
average Sauter diam eter value for each horizontal plane in the 
measurement grid, at the three rotational speeds used. The profiles 
exhibit considerable variations w ith height, and a m inim um  at the 
agitator plane level. The curves are not sym m etrical about the impeller 
plane since for equidistant sections the average d 32 values below the 
impeller are a lw ays appreciably higher than those above it. Increasing 
the agitation speed causes the curves to shift tow ards  lower values 
whilst preserving a sim ilar shape. The most significant reduction in the 
average bubble size occurs at the impeller level.
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Fig 5.24 Measurement positions in impeller discharge stream.
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N = 100 rpm
3 .5 7  2 .9 3  3 .1 0  3 .51 3 .2 7  2 .8 0  2 .9 7  2 .01  2 .9 8
3 .1 2  2 .9 4  2 .6 7  3 .2 0  3 .0 3  2 .9 8  3 .1 5  2 .7 2  2 .8 8
2 .7 0  2 .5 0  2 .1 2  2 .9 9  2 .8 5  2 .4 8  2 .5 3  2 .8 7  2 .5 0
1 .32 2 .0 6  1 .88 2 .3 7  2 .4 9  2 .4 3  3 .2 7  3 .1 2  2 .71
2 .5 4  2 .3 8  2 .1 5  3 .1 9  2 .9 3  3 .1 5  2 .9 9  3 .1 8  3 .6 5
0 .0 0  1.97 2 .7 8  3 .3 3  3 .3 3  3 .31  3 .1 4  3.51 3 .5 7
0 .0 0  0 .0 0  2 .8 5  3 .3 5  3 .8 6  3 .61 3 .3 2  3 .4 7  3 .4 6
Fig 5.25 (a) Spatial d istributions of Sauter bubble diameter 
in impeller discharge stream (air-w ater).
(Q =  1 .64X 10-3 m 3/s  )
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N = 180 rpm
4.27 3.43 3 .17 3 .34 2 .8 0 2.21 2 .47 1.92 1.83
3.82 2.32 2 .24 2 .66 2 .57 2 .47 2 .46 1.85 1.93
2.04 1.27 1.44 2 .32 2 .32 1.52 1.45 1.95 2.42
0 .75 1.41 1.14 2.23 1.98 1.45 2.22 2.71 2 .69
2.24 2.01 1.32 2 .69 2 .27 2 .95 2 .52 2 .97 2 .66
3.02 2.57 2 .75 3.44 3 .58 3 .27 3.54 3 .06 2.62
2.58 2.93 2 .9 9 3 .30 4 .23 3 .95 3 .80 3 .36 2 .64
Fig 5.25 (b) Spatial distributions of Sauter bubble diameter 
in impeller discharge stream (a ir-w ater).
((3 = 1 .6 4 x l0 ~ 3 m 3/ j  )
N = 250 rpm
4.30 3.02 3.09 3.50 2.40 2.25 2.41 1.62 1.76
2.82 1.98 2.01 2.39 3.12 1.93 1.88 1.03 2.18
1.75 1.22 1.27 1.94 1.54 1.47 1.15 1.54 2.15
0.50 0.64 0.75 1.06 1.15 1.21 2.33 2.30 2.64
1.33 1.61 1.23 2.33 2.34 2.31 2.77 2.78 2.36
3.08 3.02 2.51 3.21 3.45 3.03 3.07 2.35 2.57
2.72 2.76 2.83 3.26 4.02 3.67 3.58 2.38 2.63
Fig 5.25 (c) Spatial d istr ibu tions of Sauter  bubble d iam eter 
in im peller discharge stream  (a ir-w ater) .
((2 =  1.64X10"3 m 3/ s  )
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The variation of the average Sauter diam eter for each vertical 
plane with radial position is depicted in Fig 5.27. The trends at the three 
different speeds are similar and lie one below the other in the order of 
increasing s tirre r  speed. The average d n lirst decreases slightly  with 
radial distance up to a point coinciding approximately w ith the central 
radius. Then it rises significantly and peaks at a radius which is almost 
exactly 2 /3  the distance from the centre of the vessel to the wall. 
Beyond this position some lluctuations take place w ith a basically 
decreasing trend tow ards the tank wall.
In each radial section the am ount of variation in the point bubble 
size w ith  vertical position can be expressed in term s of a coefficient of 
variation C v . This coefficient varies strongly with radial distance, as can 
be seen in Fig 5.28. For each speed, c„ exhibits a fluctuating dependence 
on r. However, the underlying trend represents a decrease in C v with 
increasing r, which indicates that, overall, the am ount of variation in the 
point </32 in each vertical section reduces with radial distance. In other 
words, vertical planes near the im peller have a higher spread in the 
spatial d istr ibu tion  of the local d 32 values. This is emphasised for N=250 
rpm . It is also w orth  noting tha t the C v values increase, for a given radial 
plane, w ith  s tir re r  speed ie., more dispersion takes place at higher 
agitation speeds, except at the position nearest to the wall where the 
speed effect is negligible.
Sim ilarly , the extent of bubble size variation in each horizontal 
plane of the grid is represented by a C v value. The trends obtained in Fig 
5.29, dem onstra te  considerable variation with height. The profiles are 
very s im ilar  for the three agitation speeds used, and exhibit a m axim um  
at the im peller plane. The effect of increasing N is mainly translated into 
a shift of the curves tow ards higher C„ values ie., enhanced spread in the
Fig 5-28 Coefficient of Variation vs Radial Position
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d 12 distribution, with the maximum becoming sharper.
At positions 6, 7 and 14 no bubbles are detected at N=100 rpm, 
and only a few bubbles were detected at position 13. At this speed the 
How near the impeller is mainly radial and tangential, and the axial 
liquid velocity component is too weak to push bubbles dow n below the 
agitator. Also at this stage the effect of How inducement is im portant 
and, bubbles are swept aw ay towards the wall. F u rther  dow nstream , as 
the effect of the bailies progressively increases, the stream  star ts  to 
diverge in the axial direction, and bubbles begin to circulate in the lower 
part of the vessel.
The spatial distribution of bubble sizes is highly non-uniform  in 
the impeller stream. This is consistent with the fact that the turbulence 
in the agitator stream deviates greatly from homogeneity as found by 
N ishikaw a et al [144], and by Harvey and Greaves [145, 146]. This non- 
un ifo rm ity  in the spatial bubble size d istribution , as measured by its 
overall coefficient of variation, increases considerably w ith  speed. This is 
because of the increase in turbulence and gas holdup which, respectively, 
lead to higher rates of bubble breakage, bubble collision and coalescence. 
Considering radial and vertical distributions, the vertical d istributions 
show higher variations than the radial d istributions. Indeed, V an’t Riet 
[136] observed strong variations of turbulence in tensity  w ith vertical 
distance in the impeller stream.
The vertical distributions are represented in Fig 5.30, for the 
conditions investigated. Considering the vertical plane r l ,  near the 
impeller tip, at all three speeds the curves exhibit s im ilar trends, w ith 
the widest bubble size variation of all d is tr ibu tions  in the stream. The 
m inim um  at the impeller level indicates that this is the most tu rbu len t 
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and r4. Starting from r5, the d istributions begin to exhibit iluctuations 
and become gradually  Hatter with increasing radius. These rem arks are 
consistent with those of Bertrand et al [147], who found that the 
turbulence intensity profiles presented a m axim um  at the impeller plane 
of sym m etry . Okamoto et al [143] also reported tha t the highest values 
of energy dissipation exist in the agitator plane, w ith  a decreasing trend 
tow ards  the wall. Although their observations are related to single-phase 
liquid How, qualita tively  at least, they ought to hold for the case of a 
gas-liquid mixture.
The radial d 32 d istributions arc presented in Fig 5.31. Their trends 
are more complicated than those of the vertical d istributions. Notable is 
the impeller level plane (z4) which presents a consistently  increasing 
trend tow ards the wall, evidencing the occurrence of bubble coalescence 
in this direction.
5.5.7 Effect o f ionic solution
It is a well known fact that the degree of p u r ity  of the fluid 
system affects the bubble size in a gas-liquid dispersion. Even small 
quantities of im purities present in the system can have a substantial 
effect. The small changes induced in the physical properties of the 
solution, including the surface tension, are not im portan t enough to 
influence the bubble disruption process in a tu rb u len t  gas-liquid 
dispersion. Thus, the principal action of the im purities  is to retard  
bubble coalescence with the consequence tha t small bubbles, once they 
are formed, tend to preserve their individual indentities. This results in 
a comparatively smaller mean bubble size in the contactor. In m any 
industrial applications the liquids used tend to be coalescence 
suppressing, although usually  they are not to tally  coalescence inhibiting.
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solution was employed. Point m easurements were made in the m id-plane 
between two bailies using the same grid (Fic 5.9) as Cor the a ir-w ate r  
dispersion. The d 32 values are presented in Fig 5.32 Cor the conditions 
employed.
Overall, liner and more uniform  dispersions were produced. The 
reduction in the representative mean Sauter d iam eter for the whole 
m atrix  depends on the mixing conditions but is w ith in  the range 22-34%. 
Large increases in the total gas holdup were generated especially at high 
speeds (u p  to 69%). These reductions in bubble size and increases in gas 
holdup will be shown later (Chapter 6) to produce large increases in 
interfacial area. Invariably, at position 17 near the impeller shearing 
edge the dill’erence between the Sauter diam eter for the ionic and w ater 
system s is small. This clearly shows that bubble breakage is much more 
im portan t than coalescence in this region. Circulation in the lower half 
of the vessel appears to s tart at lower impeller speeds in the salt solution 
compared to water. This is deduced from the fact that at the lowest 
speeds (100, 130 rpm ) bubbles were detected at position 21 below the 
impeller in the ionic system, whereas this was not the case for water. 
This early  circulation is due to the fact that the bubbles are smaller in 
the salt solution and, thus, have lower rising velocities. Consequently, 
they are more easily entrained by the dow nw ard  circulating liquid.
The elfect of increasing N on the overall Sauter diam eter in the 
upper part of the tank is insignificant. In the agitator stream and the 
lower zone of the vessel, however, the reducing effect is substantial as 
shown in Figs 5.33 and 5.34, respectively. There, it can also be seen that 
increasing Q at constant speed causes a significant rise in the mean bubble 
diameter. For instance, at 180 rpm d 32 increases by 33% below the 
agitator and by 60% in the turbine discharge stream. There is also a 26%
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Fig 5.32 Spalial distributions ol Sauter bubble diameter in air-0.15M NaCl (rnrn).
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rise in the bulk.
The point bubble size distributions generated for N=250 rpm and 
Q = l . 6 4 x l o-3 m V.v, are presented in Fig 5.35. All of the d istributions are 
based at the left end of the spectrum and are positively skewed. They 
are completely dilferent from the corresponding d istr ibutions obtained 
for water (Fig 5.14). Considering the bulk region of the reactor, the 
histograms are not identical in form. However, they do exhibit a close 
sim ilarity , which demonstrates the large degree of un ifo rm ity  
introduced by the ionic solution in the dispersion. The spread of these 
distributions compared with those for the w ater is considerably reduced, 
and is therefore evidence of greatly reduced bubble coalescence. 
However, it still remains relatively wide indicating, as may be expected, 
that the coalescence inhibition at this moderate salt concentration is not 
total. In fact, higher concentrations up to 0.50M were tested and found 
to produce very small bubbles. The signal pulses generated from the 
photodetectors by these bubbles were too small to be analysed 
satisfactorily. One solution to this problem would have been to reduce 
the size of the capillary so as to allow the bubbles to transform  into 
proper slugs and thereby enable a satisfactory detection. However, 
decreasing the capillary size would cause excessive bubble breakage 
inside the probe and, therefore, would make the signal analysis more 
complicated. Also, w ith a very line capillary (a 0.1 mm diam. capillary 
would have been needed) probe blockages by any contamination or d ir t  
in the solution, however small, would be a major problem.
In the agitator plane the ionic d istr ibu tions have their means 
shifted to the lower end of the bubble size range and, compared to their 
corresponding w ater d istributions they have significantly lower spreads 
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can be made about the distributions below the impeller.
Overall bubble size d istributions were constructed for water and 
salt solution, by adding together in each case all of the 22 local 
distributions. These d istr ibutions are compared in Fig 5.36, to reveal the 
elfect of the ionic system on the gas-liquid dispersion in the reactor as a 
whole. The two d istr ibu tions are m arkedly different. The mean bubble 
size in the electrolyte system is considerably sm aller than in water. The 
difference in d 10 is 54%, and in d 32 it is 35%. The corresponding 
cum ulative frequency d istr ibutions are also presented in Fig 5.37. There 
is a wide difference in the trends. Over half the bubble population has a 
diam eter less than 1 mm in the electrolyte gas-liquid dispersion, and less 
than 1.5% have diam eters greater than 3 mm.
Simulation of the above discrete d istr ibutions by the normal 
d istribution was attem pted. The distributions, as expected, were found 
to be nonnormal and particu la rly  so the ionic d istribu tion . Several o ther 
continuous statistical d istribu tions were tested. From these theoretical 
distributions, the Wcibull distribution was found to lit the a ir-w ate r  
bubble size d istribu tion  best. The probability density  function of this 
d istribution is given by:
f ( x ) =  (5-5)
with x = db, a = 2 and /3 = 3. The fit is shown in Fig 5.38.
The air-electrolytc bubble size distribution was well approximated 
by the exponential d istribution, which has the following probability  
density function:
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Fig5*38 Functional Form of Overall Bubble Size D istribution
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f ( x ) = ± e - ' »  (5.6)
P
where j3 is equal lo 1. The lit of this function to the experimental 
d istribu tion  is presented in Fig 5.39.
5.6 Conclusions
•  The fu lly  submersible capillary suction probe technique 
developed for use in large stirred reactors, has been successfully used to 
carry  out, for the first time, a detailed quasi-point investigation of the 
s truc tu re  of bubble size d istribu tions in ’coalescing’ and ’non-coalescing’ 
gas-liquid dispersions in a 1.0 m tank. The probe was interfaced to a 
high speed data acquisition system supervised by a microcomputer to 
allow storage of large am ounts  of data and fast on-line processing.
•  The bubble size d istr ibutions were found to vary w idely from 
one region of the reactor to an other, deviating considerably from the 
s tandard  normal distribution. The effect of increasing the agitation speed 
is to sh if t the d istributions tow ards the lower end of the spectrum, 
whereas an increase in gas flow rate has the opposite effect.
•  Increasing the impeller speed causes a sharp  drop in the mean 
bubble size in the impeller zone at low gas flow rates. At high gas rates, 
however, the effect becomes insignificant, evidence of im portant rates of 
bubble coalescence. This is supported by the substantia] increase in mean 
bubble size that results  from an increase in Q. In the upper and lower 
parts  of the vessel the effects of N and Q remain generally small, 
indicating that in these regions an equilibrium  exists between the two 
competing processes which determ ine the mean bubble size in the reactor 
ie., bubble breakage and coalescence.
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•  The mean bubble size in the vertical plane coinciding with the 
bailies is appreciably smaller than that in the m id-plane between two 
bailies. Large dilfercnccs exist between the respective local bubble size 
d is tr ibu tions  in the two planes. The overall cum ula tive  bubble size 
d istr ibu tion  in the ballle plane lies above that of the m id-plane by a 
considerable margin.
•  The leeward side of a ballle shows a more pronounced variation 
of the bubble size w ith liquid depth than the w indw ard  side. The 
leeward side is a relatively quiescent zone which promotes bubble 
coalescence.
•  The impeller discharge stream was explored using a high 
resolution measurement grid. The spatial bubble size d istr ibution  showed 
strong nonuniform ity . The vertical d istributions of the Sauter bubble 
diam eter have a parabolic shape which gradually  flattens tow ards the 
wall of the tank..
•  The use of a 0 .15M NaCl solution produced considerable bubble 
coalescence retardation which was reflected in a substantial drop in the 
bubble size. The local bubble size d istributions obtained were situated at 
the left end of the bubble spectrum and were very different from the 
corresponding water distributions. The overall d is tr ibu tions  for the 
whole dispersions of w ater and ionic solution were well approximated 
by a Weibull distribution and an exponential d istribution , respectively.
Chapter 6





Information on the spatial distribution of the total gas holdup is 
necessary lor a complete appreciation of the internal processes in a gas- 
liquid s tirred  reactor. In this Chapter, the application of a computerised 
conductiv ity  probe technique for the measurement of local gas holdup is 
described. M easurem ents were made in the 1.0 in s tirred  tank. These are 
discussed and compared w ith  existing data in the literature. Combining 
these holdup d istr ibu tions w ith  point bubble size resu lts  provides the 
local gas-liquid interfacial area d istributions.
6.2 Local gas holdup
6.2.1 Capillary suction probe
The possibility of measuring local gas holdup sim ultaneously  w ith 
local bubble size using the capillary suction probe technique was 
investigated. The point holdup values were calculated from the total 
volum e of the gas bubbles sampled and the liquid volum e concurrently  
collected. The holdup values thus obtained were found to be too high to 
be acceptable. A well defined llow situation was used to investigate this 
phenomenon. The arrangem ent used consisted of the cell in Fig 4.3. The 
probe was positioned inside the cell and sampling was conducted from  a 
chain of mono-size bubbles. The liquid llow rate through the tube was 
varied by changing the suction pressure, while the bubble frequency in 
the gas stream was kept constant. The measured ho ldup was found to be 
highly dependent on the liquid llow rate. The higher this rate the lower 
the holdup estimate. Therefore, it became clear tha t the reason for the 
overestimation of gas holdup obtained was due to the fact that the liquid 
volum e collected was greatly  underestim ated. As the gas llow rate 
through the tube increases this volume of liquid reduces fu rther, since
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the liquid llow rale  rem ains constant during the sampling process. The 
liquid llow rale through the capillary is also highly dependent on its 
d iam eter. One solution which was tested, consisted of increasing the size 
of the tube in order to allow more liquid to be collected. However, this 
led to a large underestim ation of the volum e of gas sampled since all 
bubbles sm aller than the tube diam eter could not be detected. This 
caused an underestim ation of the gas holdup. In any case, even when the 
capillary  size is increased it is not obvious how to correct the liquid rate, 
since it will depend, as a lready mentioned, on the actual gas llow rate. In 
a dispersion, this varies from  point to point. At this stage it was decided 
to adopt a different technique for point holdup measurement, and a 
conductiv ity  probe was developed for this purpose.
6.2.2 C onductiv ity  probe
The principle of operation of a conductivity  probe has already 
been described in Section 2.2.4. The probe used here consisted of a single 
stainless-steel wire 125 /um diam eter located in a 0.3 mm diam eter 
stainless-steel hypoderm ic tube, as represented schematically in Fig 6.1. 
The detection end of the in s tru m en t had a progressively tapering profile 
achieved by means of different d iam eter stainless-steel tubes, firmly 
joined and sealed w ith  Epoxy resin. The tapering profile was desirable in 
o rder  to minimise How d isturbance near the sensor tip. The probe head 
electrical assembly, which wras located inside the body of the probe, 
consisted of tw o four-arm  resistive bridge circuits w ith  one side of each 
bridge common to both circuits for reasons of space economy (Fig 6.2). 
This, therefore, caters for tw o probe sensors so that the instrum ent can 
in fu tu re  be easily extended to a double sensor probe to permit 
s im ultaneous m easurem ent of bubble velocity. This was the original 
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be a m uch more in tricate  and time consuming task than first anticipated. 
Hence, This feature  was postponed for fu tu re  work.
A 12 KHz sinusoidal cu rren t supply  was used to excite the
electrode. The excitation oscillator circuit is depicted in Fig 6.3. When 
the sensor tip is in air, the resistive bridge is balanced and none of the 12 
KHz excitation signal appears at the ou tpu t.  W ith the probe in water, 
the resistance of one arm  of the bridge is reduced, unbalancing the bridge 
and causing a 12 KHz w aveform  to appear at the ou tpu t.  The bridge 
o u tp u t  is connected to a first conditioning unit. As shown in Fig 6.4, the 
AC signal is first amplified and then passed to an active full wave
rectifier and sm oother circuit, and finally to an additional RC filter. The
net resu lt is a DC level proportional to the am plitude of the input signal.
The DC signal is then connected via an opto coupler arrangem ent to the 
same conditioner used for the capillary suction probe (see Section 
4.3.2.2).
The sensor electrode was coated w ith  a thin layer of Epoxy resin 
except fo r the tip  end. The wet Epoxy coating on the exposed length of 
the stainless-steel w ire  was sprayed w ith  a PTFE type spray 
(Sprayllon-82 available from Pam pus F luorplast Ltd.) and was left to 
set for 24 hours. When d ry , this gave a good hydrophobic property  to 
the sensor tip, which resulted in a fast  signal response. A typical pulse 
generated by a bubble hitting the probe tip is shown in Fig 6.5. The 
excellent stable nature  of the signal allow ed the threshold to be set fa irly  
close to the liquid line, in order to minimise the erro r  in the 
m easurem ent of the pulse w idth , arising from the relatively  slow rise of 
the signal from liquid to gas. This is due to the finite liquid film drainage 
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The operation of I he probe was controlled by a BBC 
m icrocom puter through fast machine code software. The da ta  acquisition 
system  used with the resis tiv ity  probe was the same system  as that 
em ployed for the bubble suction probe, (described in Section 4.4). The 
so ftw are  used for controlling the sampling process and analysing the 
acquired da ta  is given in Appendix B.
The local holdup was calculated from the time average q u an ti ty  ep given 
by:
Z' , <
_ _ '  = i r a o
where,
-  bubble passage time 
nb = num ber of bubbles in sample 
T = total sampling period
The local mean bubble passage frequency was obtained from:
n, = j r  (6 .2)
The sam pling time used was a t least 3 m inutes, which was sufficiently 
long to obtain a s ta tistically  representative sample of bubbles, typically  
500 to 1000, depending on the local bubble frequency. The 
reproducib ility  of results was better than 5%.
6.2.3 Results and discussion
Using the resistivity  probe described above, 22 points were 
explored in the 1.0 m tank, in the m edian plane between tw o  adjacent 
bailies, as shown in Fig 5.9. The tw o-phase  system investigated was air-
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w ater. M easurem ents were perform ed for the loaded impeller How 
regime, using the 0.333 m Rushton turbine, rotated at three different 
speeds for three air flow rates.
6.2.3.1 Bubble passage f requency
The bubble frequency m aps generated by the resis tiv ity  probe are 
depicted in Fig 6.6, fo r  the  conditions investigated. There, the highest 
passage frequencies are  a lw ay s  found in the im peller region. This is 
expected since bubbles are  first generated from the dispersion zone of the 
gas cavities, behind the blades. They are then carried and dispersed into 
the vessel volum e by the combined effect of buoyancy and the tu rb u len t 
jet m om entum . It is know n [95] tha t liquid in the neighbourhood of the 
im peller discharge s tream  is entrained by m om entum  transfe r  and 
tu rbu lence vertically  into the radial s tream  and becomes part of the 
flowing ’je t ’, bringing m ore bubbles w ith  it. This increases the bubble 
density  in the im peller stream . The frequency is highest near the 
im peller periphery  w here bubble form ation  takes place, and decreases in 
the radial direction tow ards  the w all. This  reduction w ith  radial distance 
could be due to the com bination of three effects:
(i) Coalescence of bubbles as they m ove tow ards  the w all, which results  
in larger bu t few er bubbles.
(ii)  Disengagement of bubbles from the  im peller discharge stream ie., 
bubbles leave the radial s tream  and e ither rise u p w ard s  or arc entrained 
by the circulating liquid tow ards  the base of the tank. As bubbles move 
aw ay from the impeller, their radial velocity decreases and hence their 
resu ltan t velocity vector sh if ts  in an axial direction. The increase in 
bubble size due to coalescence favours  u p w ard  disengagement, because of 
the increase in bubble rise velocities.
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(iii)  The radial velocity of the discharge liquid reduces w ith  radial 
distance and therefore, the en tra inm ent of bubbles from adjacent regions, 
as explained above, diminishes. In fact Sachs and Rushton [96] found 
that at a distance approxim ate ly  2 /3  the vessel radius, the liquid induced 
flow becomes zero.
Below the impeller, the bubble concentration rises w ith  radial 
distance, as would be expected, since the flow is from the wall tow ards 
the centre of the vessel. No bubbles are present in the central region at 
low speeds, but more and more bubbles are transported  there as the 
speed of agitation increases. For example, at N=385 rpm and 
Q =0.00687 m 3/.v, c irculation in the lower half of the tank was seen to 
have practically  obscured the whole im peller region.
It is rem arkable  to note that, except for the lowest speed which 
corresponds to the s ta r t  of gas dispersion below the im peller level, at 
each gas flow rate the sum of the frequencies at positions 16 and 22 is 
close to the frequency at position 19. This suggests tha t position 19 
coincides approxim ately  w ith  the point of separation of the two 
circulation loops in the upper and low er parts of the vessel. This also 
implies that the flow at this point is essentially axial, which is to be 
expected since this position is only about one baflle-width aw ay  from  the 
wall.
The variation of nf  with height in the vessel is shown in Fig 6.7, 
for the highest value of Q. Similar profiles were observed for the other 
tw o gas rates. As N increases, the frequency at position 12 increases w ith 
respect to the adjacent positions, above and below, causing the vertical 
profile to bend inw ards. This indicates the presence of a circulation loop 
at N=285 rpm, which is supported by the  s im ilar profile linking points 3 
to 15. In this case, the circulation loop is more emphasised at N=385
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The radial profiles of ns in the upper region of the tank are shown 
in Fig 6.8, for the highest gas input rate. For z3 and x4, the levels 
im m ediately  above the im peller, nf  exhibits an increasing trend  tow ards  
the tank wall, indicating the formation of a circulating loop. For the 
higher levels the general trend is a decreasing frequency tow ards  the 
wall. This decline is sharp  at the lowest speed, leveling off as N 
increases, thus  indicating an enlargement in the circulation loop. Until, at 
385 rpm , it can be seen that the loop has reached level x5. However, the 
im peller is still not able to circulate bubbles above z5 as can be deduced 
from  the still significant d rop  in nf  with radial distance. Essentially 
s im ilar  trends were observed for the other tw o gas flow rates, except 
tha t,  for the lowest Q and agitation speed of 180 and 250 rpm, the 
circulation loop has exceeded level z5. This is reflected in a near uniform  
n,  d istr ibu tion  at z6.
As N increases, n f  is seen to increase at v ir tu a l ly  every position in 
the tank, signifying an increase in gas holdup. Relatively, the m ost 
significant increase takes place below the impeller plane, where, as 
agitation is increased, m ore and more bubbles are entrained in the lower 
region of the vessel. This is due to their sm aller size and lower rise 
velocities in the presence of a higher dow nw ard  liquid velocity.
For the constant im peller  speed of 180 rpm  (Fig 6.6), it can be 
seen tha t nf  increases w ith  Q at almost every point in the vessel except 
in the region below the impeller, where the effect is reversed. Position 
22, however, first shows an increase w ith Q folkAved by a decline. This 
decline in frequency is due to the different hydrodynam ic conditions in 
the impeller vicinity. At fixed N, and as Q increases, the impeller is less 
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being closer lo the Hooding regime.
Allhough al the location near the' impeller tip  n f increases 
significantly w ith  Q, the other two positions in the impeller plane first 
w itness  an increase followed by a slight drop. This d rop  is considered to 
be due to the decrease in the liquid pumping capacity of the agitator, 
which resu lts  in a reduction in the bubble velocity radial component. 
Therefore, there is a tendency for the bubbles to rise and leave the 
discharge stream  at a shorter radial distance, evidencing a sh ift tow ards  
flooding. This is also helped by the increase in the bubble rise velocity of 
larger bubbles, as a result of higher gas loading.
The degree of dispersion of the bubbles inside the vessel, as 
represented by the coefficient of variation, (cr/fij- ), fo r  each bubble 
frequency m ap obtained, is plotted against the impeller speed in Fig 6.9. 
There, it can be observed that the coefficients of variation are high, 
signifying high levels of dispersion in the spatial d is tr ibu tion  of the 
bubbles inside the tank. For each gas load, the degree of dispersion first 
rises w ith  s tirring  speed, but then declines as agitation becomes very 
intense, in each case exceeding the recirculation speed. Thus, fu r th e r  
enhancem ent in agitation is expected to bring about more un ifo rm ity  in 
the d is tr ibu tion  of the bubble population. At the common speed of 180 
rpm , reducing the gas flow rate from  0.00687 m 3/ s  to 0.00438 m Vs 
dim inishes the spread in the d is tr ibu tion  of nf  values. By the tim e the 
gas ra te  has reached 0.00164 m*V.v, however, the coefficient of variation has 
risen again considerably.
6.2.3.2 Local gas holdup
The local gas holdup maps generated by the conductiv ity  probe are 
exhibited in Fig 6.10. In the absence of a second local m easurem ent
197
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technique, the accuracy ol' the point holdup values was checked 
independently  by comparing the mean integral holdup value, obtained 
for each m atrix  through two-dimensional integration, w ith the 
corresponding overall mean value, obtained by the level detection 
m ethod described in Section 3.3.4. This comparison revealed tha t the 
resis tiv ity  probe underestim ated  ep under all conditions employed. The 
margin of error, however, remained within a reasonable range of 9 to 
21%. This fact was also reported by Figueircdo [38], although the 
deviation in her case was slightly higher, probably because of the thicker 
sensor tip and low er quality  of her probe signal. This fea ture  is the 
resu lt  of a combined elfect. First, the significance of any comparison test 
between the mean integral of local holdup values and the overall average 
ho ldup  value is function of how well the two-dimensional m atrix  of 
m easured values is representative of the three-dimensional poin t-to- 
point variations in the reactor. Also, some underestim ations of the local 
ho ldup could arise from  the difficulty in measuring the exact tim e length 
of the  signal pulses because of the in s tru m en t finite response, especially 
at the tim e of piercing of a bubble. The response can only be im proved 
by enhancing the w ater  repellent properties of the sensor tip. A possible 
solution w ould be to fuse the wire in, say, a hydrophobic glass, although 
th is  w ould  require considerably m ore expertise and w ould probably  
m ake the sensor more fragile. An increase in the sharpness of the tip is 
also desirable in order to im prove its interaction w ith  the bubbles. Very 
small bubbles m ay sim ply  be deviated instead of being pierced by the 
probe tip. F u rther  m iniaturisation of the tip to solve this problem w ould 
obviously make its construction m ore complex. Being more delicate, 
w ould also significantly increase its sensitiv ity  to mechanical stress. 
A lternative ly , this phenomenon might be quantified, for example, by 
employing high speed photography. This elfect, however, should reduce
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w ith  increasing bubble impact velocity, as observed by Nassos and 
Bankoll' [57] for forced circulation in an a ir -w a te r  loop as compared w ith 
natural c irculation. This may explain the reduction in the difference 
between the integral and the total holdup values observed in Fig 6.11, 
w ith  increasing agitation speed.
The overall bias caused by all these elfects, however, remains 
w ith in  acceptable limits, which makes the m easurem ent technique very 
useful. O ther advantages of this method reside in its low development 
cost and its very  high speed of operation. A sample size of 1000 bubble 
tim e pulses is processed in approxim ately  105 seconds.
The point holdup maps (Fig 6.10) indicate a w ide variation in the 
spatial d is tr ibu tion  of ep inside the s tirred  vessel. The flow field in the 
tank  can be divided into three principal regions; The circulation region 
below the impeller, the circulation region above it and the impeller 
discharge stream . The radial and vertical holdup profiles are plotted in 
Figures 6.12 and 6.13, respectively, for all conditions investigated. In the 
low er part of the vessel the ho ldup a lw ays  shows an increasing trend  
to w ard s  the wall, w ith  values near the centre being, in general, very low. 
It is only  at the highest combination of agitation speed and gas flow rate  
tha t  significant gas recirculation seems to have been achieved in the 
central area below the impeller. A photograph taken below the im peller 
showed the agita tor to be alm ost completely obscured by gas bubbles. 
Overall, the ho ldup  in the region below the impeller is appreciably low er 
than tha t in the upper part of the vessel, except at the position near the 
tank wall w here the circulation s ta r ts  from . The natu ra l tendency of the 
gas bubbles to rise under buoyancy forces makes it difficult to disperse 
great am ounts  of gas in the lower part of the vessel. This fact 
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Fig 6.13 (c) Vertical profiles of local gas holdup in vessel.
207
208
view point of gas liquid mixing.
The holdup in the impeller stream decreases monolonically, and 
qu ite  sharp ly , aw ay  from  the agitator. The level of holdup in the 
v icin ity  of the vessel wall is dependent on the radial velocity of the 
liquid  stream  from  the turb ine, which in tu rn  is a direct function of N.
At low speeds the buoyancy forces are effective in driving the gas 
qu ick ly  out of the s tream , but, w ith  increasing agitation, the buoyancy 
effect is overcome by the radial liquid flow, which transports  more and 
m ore gas tow ards the boundary  of the tank.
The upper part  of the tank, which contains the bulk  of the tw o- 
phase flow, is a region of complete gas dispersion, so long as the reactor is 
operated above flooding. The holdup in this region exhibits, alm ost 
invariab ly , sharp  declining trends tow ards  the contactor boundary, w ith 
re la tive ly  im portan t values near the agitator shaft. The trend  is 
principally  non-monotonic w ith  a m axim um  around the centre of the 
m easurem ent plane. The gas in the vicinity  of the wall flows upw ards, 
concurren tly  w ith  the circulating liquid  at high velocities, whereas near 
the centre of the vessel, the buoyancy of the gas acts in an opposite 
direction to the do w n w ard  flowing liquid. This is the reason for the 
difference in holdup between the tw o  branches of the circulation loop.
Close to the surface of the dispersion, the holdup is d is tr ibu ted  radially  
in a fa ir ly  uniform  fashion.
The effect of increasing N is to increase ep at every point in the 
im peller plane as well as the zone below it. In the bulk  region of the 
vessel, however, the holdup fluctuates w ith impeller speed at certain 
locations, but the m ajority  of positions show a monotonic increase. The 
overall effect of increasing N is to increase the un ifo rm ity  of ep in the 
whole reactor under all conditions. This fact is represented by the
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decreasing values ol‘ the coefficients of variation of the spatial holdup 
d is tr ibu tions  in Fig 6.14.
At the constant speed of 180 rpm, the increase of Q produces an 
increase in ep at every point in the bulk, w ith the spatial d istribution  
there  remaining at approx im ate ly  the same state of dispersion 
(C„ = 0.177.0.176,0.187) for the three gas rates employed. Also, the am ount 
of gas dispersed in the central region of the lower volum e of the vessel 
decreases considerably until at the highest gas load, no gas is detected at 
the innerm ost sampling position below the agitator. The reduction in the 
im peller  pumping capacity, and therefore circulation capacity, which is 
due to the growth in gas cavities behind the blades (see C hapter  8), 
causes the flow pattern to move gradually  in the direction of Oooding.
6.2.3.3 Comparison w ith  the l i te ra tu re
(i) M easurem ent methods
Despite the importance of local gas holdup, very few experimental 
studies  are available in the lite ra tu re . This is mainly due to the lack of 
appropria te  m easurem ent techniques. Calderbank [30] was the first 
researcher to tackle this problem. He made measurem ents in a stirred  
tank  by sampling the a ir -w a te r  dispersion through a 1 /4  inch d iam eter 
tube  attached to an evacuated 500cm 3 glass bulb, the la t te r  having a gas 
b u re tte  attached to it. Sampling was perform ed by opening and closing a 
stopcock. The gas and liquid volumes, thus  collected, were evaluated to 
yield the  gas holdup. Loiseau [97] obtained m easurem ents in a small 
reactor by means of a conductiv ity  type probe with a 2 mm stainless- 
steel electrode. Figueiredo [38] also used a conductiv ity  probe to acquire 
point holdup data in a s tirred  vessel. She found that the probe 
underestim ated  the holdup with respect to the overall measured value.
Nienow et al [76] employed a peristaltic pum p to w ith d raw  a ir -w a te r  
dispersions from a reactor through a 0.33 mm capillary. Although they 
used a very short length of capillary (3 m m ), which means that the 
suction rate through it m ust have been very high, the valid ity  of the 
resu lts  should be considered with some scepticism because of some 
apparen tly  high values detected (see also Section 6.2.1). Nonetheless, 
from  a qualita tive  point of view their resu lts  are still useful. Nagase 
and Yasui [98], performed m easurem ents  by means of a 0.3 mm Nickel- 
w ire  electrode mounted inside a 3 mm glass suction tube. The au thors  
claim tha t the holdup m easurem ents  obtained using both this technique 
and an independent needle-type probe agreed w ith  each other w ithin  
20%. This method, although it uses a tube  to sam ple the tw o-phase flow, 
it does not rely on the m easurem ent of the gas and liquid volum es 
collected, like for instance, the method of Nienow et al [76]. Instead, it 
can be pictured as a resis tiv ity  probe inside a tube, and therefore does 
not come under the usual category of suction techniques. Most recently, 
Greaves ct al [99] have tested a more sophisticated version of the early  
technique of Calderbank [30]. The procedure is based on the pressure 
change which arises when an in te rm itten t  series of gas-liquid samples is 
introduced through a glass tube  into an isolated vacuum  chamber. Each 
sample is acquired over a period of 6 seconds. A series of solenoid valves 
was used to control the in te rm itten t  sampling sequence. A host 
m icrocom puter was program m ed to supervise the au tom atic  procedure of 
ho ldup  m easurement. A single m easurem ent requires 20 minutes. The 
technique was tested in a 0.75 m tank , and was found to give good 
reproducibility  and good agreement w ith  the overall holdup.
(ii) Literature results
-Caldcrbank [30]: His m easurem ents  relate to a 0.50 m lank. He 
presented the variations w ith  vertical distance of the point holdup 
measured at the centre of the rad ius  equidistant from two bailies, shown 
in Fig 6.15. These plots bear a lot of resemblance to the vertical profiles 
of the mean radial holdup obtained in this work, which are displayed in 
Figs 6.16(a-c) for all of the conditions investigated. Both sets of plots 
show significant dependence of the holdup on depth, and exhibit a peak 
m id -w ay  between the im peller plane and the surface. This peak becomes 
sharper as the speed of agitation increases. The characteristic  feature  of 
C alderbank’s d istr ibu tions is the second peak at the impeller level, which 
is independent of s tir re r  speed. The elfect of increasing N, in his case, is 
to sh if t  the d istr ibutions tow ards  high values, but only in the upper part  
of the vessel. In our case, the whole d is tr ibu tions  are, invariably , 
displaced.
-Loiscau [97]: This au th o r  is the only researcher who has produced 
resu lts  for an electrolyte solution. His experim ents relate to an air-0.8M  
N a 2S O  ^ system in a 0.19 m reactor. He presented d is tr ibu tions  of the 
local holdup in the central segment of the median plane between tw o 
baffles. Typical profiles have been d raw n  in Fig 6.17. Their great 
s im ilarity  w ith  the trends in Figs 6.16(a-c) is evident. He found tha t 
.below the m inim um  agitation speed required for fu ll gas dispersion, the 
holdup increased monotonically w ith  height, and for higher speeds the 
gas occupies the whole volum e of the vessel and the holdup exhibits a 
m axim um  at the centre of the reactor. The level of gas holdup below the 
im peller plane is generally low, except at very  high speeds. The small 
sizes of the bubbles, in this case, and their  low rise velocities contribute  
tow ards  establishing a more significant holdup in the lower part of the 














Fig6-14 Degree of Dispersion of Point Holdup Distributions
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-Nienow c*t al [76]: They produced measurem ents in a 0.29 m 
vessel. In agreement with the radial d istr ibu tions obtained here, they 
found that their d is tr ibu tions  also peaked m id-w ay between the centre 
of the vessel and the wall, w ith  high holdup values near the shaft  and 
low values near the wall. Close to the surface their radial profiles also 
became Hatter. The holdup in the lower part of the tank showed a 
decreasing trend from the wall tow ards  the central region too, w ith  very 
lowT values in the centra] zone. The vertical d istr ibu tions of the a u th o rs ’ 
da ta  have been plotted in Fig 6.18. The bulk section of these curves 
peaks above the impeller plane, in agreement w ith  the curves in Figs 
16(a-c). The m inim um  observed in the impeller plane, in their  case, 
contradicts the m axim um  found by Caldcrbank at tha t position.
-Nagase and Yasui [98]: Their da ta  was obtained in a 0.25 m 
reactor. The holdups near the im peller shaft  were found to be higher 
than those near the tank w all, w ith  a gentle m axim um  around the 
central position. This radial profile becomes fa ir ly  uniform  at high 
levels. The vertical d is tr ibu tions  produced by these w orkers  are 
presented in Fig 6.19. They indicate a monotonic increase of ho ldup in 
the upper section of the dispersion, which is contradictory  to all 
li te ra tu re  results except those of Loiseau [97], above, which were 
obtained at speeds below that for complete dispersion of the gas. 
Calculations showed that whereas fo r  the lowest gas How rate, the 
reactor was run just above the NCD value, for the higher gas loads, it was 
in fact operated at a speed below this criterion. From these trends it is 
apparent tha t the holdup below the impeller is very low, which is 
consistent w ith  the present findings.
-Greaves et al [99]: Their m easurem ents  which relate to a 0.75 m 
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level between the impeller plane and the surface, as shown in Fig 6.20. 
The holdup generally decreased radially tow ards  the tank wall, but no 
m easurem ents were made in the segment near the shaft. The central 
region below the impeller contained low holdup values, and also in 
agreement with the findings of this work the location near the wall has a 
high gas content. Sim ilar to present results, the effect of increasing N is 
seen to produce an increase in holdup at all sections in the tank.
-Figueiredo [38]: The au tho r  produced only a limited num ber of 
data  points (9 points) in a 0.91 m tank, w ith  no m easurem ents taken 
below the agitator level. A lthough detailed comparison of the results is 
not possible, her m easurem ents  showed, consistently  w ith  present data, 
that an increase in speed causes the point ho ldup to increase at v ir tu a lly  
all locations and enhances un ifo rm ity  in the spatial ho ldup  distribution.
6.3 Gas-liquid in terfacia l area
6.3.1 Interfacial area d istr ibu tions
The point interfacial area d istributions, shown in Fig 6.21, were 
derived from the point bubble Sauter diam eter values of Fig 5.10, and 
the point holdup d istr ibu tions  of Fig 6.10, through the relationship:
ap — 6tpld $2p (6.3)
In the region below the impeller, the interfacial area decreases 
aw ay from  the wall. Tow ards the central zone, as discussed in the 
previous sections, the bubble density  is generally low. Values at the 
im peller plane are rem arkably  high close to the agitator periphery 
because of the high local holdup and small bubble size. This trend, 
however, falls sharply  tow ards the vessel boundary . In the bulk of the 
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present a m axim um  between the eenlre and the wall of the vessel, w ith  a 
declining trend tow ards the wall. The least spread in these d is tr ibu tions  
is I'ound near the surface of the dispersion. The vertical d is tr ibu tions  
corresponding to these same agitation conditions, are presented in Fig 
6.23. At low rotational speeds the profiles fluctuate in a complicated 
m anner and no generally distinct trend can be observed. But, at the 
highest speed, the curves exhibit a distinct peak near the m iddle  of the 
tank depth.
The variations of the interfacial area, averaged rad ia lly , w ith 
liquid depth are also presented in Fig 6.24 for the conditions 
investigated. These profiles are characterised by tw o peaks, at the 
agitator level and between the free surface and the turb ine. This is 
consistent w ith  the earlier d is tr ibu tions  produced by Calderbank [30] 
from  m easurem ents in a 0.50 m tank using a light obscuration technique, 
as described in Section 2.2.2. These peaks become sharper as agitation is 
enhanced. A relatively large proportion of the total gas-liquid interfacia] 
area in the tank is contained in the im peller discharge stream , which 
shows the im portant contribution of the impeller region to mass 
transfer, by v irtue  of the intense tu rbu lence which is generated.
The radial d istributions of interfacial area, averaged over the 
height of the tank, are plotted in Fig 6.25, for the agitation conditions 
used. They exhibit a steeply rising trend  from  the centre of the reactor 
tow ards a m axim um  value at a radial position near the m iddle of the 
m easurem ent plane, followed by a sharp  fall and subsequently  by a 
gradual decline tow ards the wall. These trends are sim ilar  to a typical 
radial d istr ibution  presented by Calderbank [30].
Mean integral interfacial area values, a, w ere obtained through a 
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Fig 6 .24  Vertical Profi les  of R ad ia lJ4ean  Interfacial Area
Q =  0 . 0 0 1 6 4  m / s
L egend
o  N = 180 rpm 
□ N = 250 rpm
0 .5  -
150 2000 5 0 100 2 5 0
Q = 0 .00438  rn/s
L egend
a  N = 150 rpm 
o N =  180 rpm 
□ N = 3 0 0  rpm
0 5 0 100 150
Q = 0 .00687 m%
L egend
a N = 180 rpm 
°  N = 285  rpm 
□ N = 5 8 5  rpm
200 2500 50 100 150
Radial Mean Interfacial Area (rrf1)
223
Q = 0 .00164  m /s Q = 0 . 0 0 4 3 8  rri/'s Q = 0 .0 0 6 8 7  m /s
120 -|
Legend
A N -  100 r p m  
o  N = 180 r p m  
□ N = 2 5 0  r p m









O N = 180 r p m
□ N = 3 0 0  r p m
O N = 285 rpm
□ N = 385 rpm1 2 0 -
200-
100-




4 0 + -
0.2
50
10.4 0.6 0.8 0.2 0.4 0.6 0.8 1
Radial Position [2r/T] Radial Position [2r/T]




all of the agitation conditions investigated. The elfect of s t i r re r  speed on 
the mean integral surface area is i l lustrated in Fig 6.26. Although the 
num ber  of data points is limited, a appears to increase with N in a 
consistently quasi-linear fashion for all gas (low rales used. The trends 
lo r  the three gas loads are almost parallel. The effect of varying Q at 
constant speed (N=180 rpm )  leads to a considerable enhancement (50%) 
in interfacial area at low gas feeds, but the rate of increase declines at 
higher values of Q (20%), leading to a situation of diminishing re turns.
The data obtained was correlated by non-linear least squares regression, 
to yield the following equation:
a = 25(W" S5(2"-3S (6.4)
where, r=0.954 and s=0.1137. As shown in Fig 6.27, this correlation 
lilted the experimental data,  quite reasonably with an uncertainty range 
of ±  15%.
The common way of predicting interfacial area uses the specific 
power and the superficial gas velocity. On this basis, the results  are 
correlated by:




with, r=0.960 and s=0.1063. This equation is plotted in Fig 6.28, where  
the scatter of the data is within ±  1 5%.
6.3.2 Effect of ionic solution
Since no point holdup dist r ibutions were available for the air- 
0.1 5M NaCl solution, the bubble size d is tr ibutions  produced for this 
gas-liquid system were used to obtain an overall representative bubble
Fig6-26 Mean Integral Interfacial A rea vs Im p e lle r  Speed
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Sautcr  diameter  value in each ease which, in conjunction with the 
measured overall gas holdup, allowed the total intciTacial area to be 
predicted from:
The interfacial areas for the ionic system are compared with the 
interfacial areas for  the a ir -w ate r  system, relating to the same agitation 
conditions, in Fig 6.29. There, it can be seen that the electrolyte 
concentration used generated a substantial increase in a, under  all 
conditions, in a range of 52 to 111%.
Tw o separate correlations were obtained for a:
where,  r =0.999 and s=0.01752. Both correlations fitted the data within  
±8% ,  as shown in Figs 6.30 and 6.31.
Few correlations for predicting interfacial area are available in the 
li terature.  The majority were derived f rom chemical reaction 
measurements  and are, therefore, unreliable.  This point is substantiated 
in Section 2.2.1. The best correlation produced thus  far,  is that of 
Calderbank [30]:
a = be/d i2 (6.6)
a  =  2 0 6 W (6.7)
where, r=0.998 and s=0.0193.
(6.8)
a  = 1 . 4 4 (6.9)
This equation was based on the integrated local interfacial area 
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technique, in two reactors (0.19 and 0.50 in), using ten dilferent l iquids. 
Later,  Sr idhar  and Potter [3] improved on the technique and extended 
Caldc rbank’s original correlation to pressures higher than atmospheric.  
Subst i tu t ing for the values of the physical properties of the solution 
used here (ie., p=9t)i) K g/m 3 and cr= 70.99x1  ( rC v /m  ), and noting that  
Ut = 0 .0 2 6 5  m / s  [30], Ca lderbank’s equation becomes:
c =  172 v
o.-i
U,°-s (6.10)
Comparison of Equation (6.10) with Equation (6.8) shows that  the 
power  and superficial velocity exponents are close to each other  and arc 
cer ta inly identical to one decimal place. The proportionali ty constants  
arc also in excellent agreement.
6.4 Conclusions
•  The spatial distr ibution of the bubble population inside the 
vessel is highly uneven. The degree of dispersion of the dist r ibut ion 
varies in a non-monotonic fashion with s ti r rer  speed and gas flow rate. 
The effects of the two variables N and Q, being opposite.
•  The point holdup was found to change appreciably with position 
in the tank. Most of the gas is retained in the bulk of the dispersion. It is 
generally diflicult to establish useful amounts  of gas circulation in the 
region below the impeller plane and hence, from this stand point, high 
impeller clearances should be avoided.
•  The general radial profiles of er in the upper part  of the vessel 
reveal high holdup values near the centre of the reactor, low values near 
the wall and a maximum at the mid-radial  distance. Close to the surface 
the dispersion is fairly uniform. The mean vertical proliles exhibit  a 
peak m id-way  between the agitator and the dispersion surface.
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•  T h e  eil'cct o f  i n c r e a s i n g  th e  a g i t a t i o n  s p e e d  is to  i n c r e a s e  ih e  
h o l d u p  at m o s t  p o s i t i o n s  in t h e  t a n k ,  and to  e n h a n c e  u n i f o r m i t y  in i ts  
sp a t ia l  d i s t r i b u t i o n .
•  Increasing the gas How rate at constant speed causes an almost  
uniform increase in ep in the bulk. However, it reduces gas circulation in 
the lower region of the vessel.
•  Results presented in the li terature  show significant resemblance 
to the data obtained in this work. Complete s imilar ity,  however,  cannot 
be expected because of the wide difference in the measuring techniques 
employed, in reactor size and in the flow regimes investigated.
•  The resistivi ty probe proved to be a very fast measurement 
technique capable of revealing detailed aspects of the internal holdup 
s truc ture  in a stirred reactor. The overall bias caused by this technique is 
within reasonably acceptable limits.  However, fu r th e r  miniaturisation 
and improved coating of the sensor t ip should improve the accuracy of 
measurements.
•  The spatial interfacial area dis tr ibutions  exhibit  wide variations, 
with the impeller region containing a relatively large proportion of the 
total surface area in the tank.
•  The air-0.15M NaCI system generated integral interfacial areas 
which were 52 to 111% greater than those produced by the a ir -water  
system for  identical agitation conditions.
•  Although the amount  of interfacial area data  obtained was 
limited, correlations for both a ir -water  and air-NaCl systems were 
derived. The la tter  system correlation showed very good agreement with 
the correlation of Calderbank [30].
Chapter 7





Accurate predictions ol' total gas holdup and impeller gassed 
power demand are both important requirements  in the design of mixing 
processes. A num ber  of correlations are available in the li tera ture for 
this purpose. Following a review ol' some of the main correlations, gas 
holdup and power measurements  are discussed and analysed with the 
view to improving the accuracy ol the prediction of these two 
parameters .
7.2 Gas holdup
7.2.1 l i t c r a t  ure rev icw
The overall gas holdup fraction usually  serves as an index for  the 
performance of the gas-liquid contactor.  This has led researchers to t ry  
and develop mathematical  models suitable for gas holdup prediction. 
Unfor tunate ly ,  there is so far  no universal correlation that can be used 
to predict this im por tan t  parameter  with sufficient accuracy. Generally,  
there is lack, of agreement between measurements  obtained by different 
investigators.  This discrepancy can be largely explained by the difference 
in the measurement  techniques employed and the experimental errors 
associated with  each one of them, and also the different degree of 
cleanliness of the fluid phases, achieved by each investigator.  In addition, 
there is also lack of agreement on the correlating parameters used by 
different au thors  in formulat ing their  mathematical  models. This point is 
s trongly highlighted in Table 7.1, where some of the correlations 
developed over  the past four decades are presented. Some details about 
the equipment  used and the range of experiments  are also given.
From Table 7.1 it can be seen that  a common model for correlatingO
gas holdup measurements  combines the specific gassed power and the gas
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Table 7.1 Gas holdup correlations
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s u p e r f i c i a l  v e l o c i t y  in th e  fo rm:
e et tk
V
u * ( 7 . 1 )
where,  Pgk includes the gas power input,  which is now a generally 
accepted requirement.  Although this model is useful in that it shows 
that  power is a major  quant i ty  in achieving a desired amount  of gas 
holdup in the vessel, and mathematical ly  it may prove to be a good 
correlation for the data,  there is now increasing awareness  [100, 101 ] 
that  from a practical point of view it is an unsat isfactory  model. This is 
because it is not directly  predictive. The gassed power is itself a 
dependent parameter which is not a lways  easy to determine because of 
its complicated relationship with the gas superficial velocity.
The correlation of Hughmark  [116] which is based on results 
obtained by five different workers  and derived from dimensional 
analys is  is also not directly predictive since it includes the Weber 
number ,  which is based on an a rb i t ra ry  average bubble diameter.  The 
remaining relationships are all di rectly  predictive since they involve 
only purely independent variables.  However, these correlations are 
subject to a relatively high margin of uncer ta inty [110, 115], usually  
±30%. This scatter is only par t ly  accounted for  by experimental error.  
Significantly, the data is usually  correlated in a ’black-box’ manner,  
without  due regard to the different gas-liquid flow regimes which are 
established in the vessel. By considering the two phase flow 
hydrodynamics  of disc turbine  impellers Warmocskcrkcn and Smith 
[119] have depicted three main flow fields:
(i)  loaded impeller with six vortex or clinging gas cavities,
(ii) loaded impeller with a 3-3 s t ruc tu re  of large cavities,
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( i i i )  Hooded  i m p e l l e r  w i t h  s ix  ragged  e a v i t i e s .
T h e s e  c a v i t y  s t r u c t u r e s  are  d i s c u s s e d  in m o r e  d e t a i l  in C h a p t e r  8 w h e r e  
c a v i t y  f o r m a t i o n  is c o n s i d e r e d  in r e la t i o n  to p o w e r  d y n a m i c s .
Smith and Warmoeskerk.cn [120] and Nienow et al [86] established 
relationships for determining the transit ions between the above How 
regimes. Recently, Smith and Warmocskerkcn [120] suggested, although 
no details were given, that by systematising mass t ransfer  coefficient and 
gas holdup data  on the basis of the impel ler  hydrodynamics,  the scatter 
of the correlations could be improved. The large amount  of gas holdup 
data obtained in this s tudy  is analysed f rom this viewpoint.
7,2.2 Results and discussion
The procedure for measuring total gas holdup by means of a 
conductivi ty  level probe is described in Section 3.3.4. Measurements 
were carried out  in the 1.0 m tank for  an a ir -wate r  system at several 
rotational speeds (0.67-8.33 rcv /s)  and  four gas flow rates (0.00164-  
0.00833 m3/s) ,  using three impeller sizes (D /T = l /4 ,  1/3, 1/2).  Similar 
experiments were made with a 0 .15M solution of Sodium Chloride using 
two impeller sizes ( D /T = l /4 ,  1/3).  A total of 82 data points was  
obtained for the a ir -water  system and 54 points for the air-NaCl system.
The elfect of the impeller speed, gas How rate and impeller size on 
6 is i l lustrated in Fig 7.1, for the a i r -w a te r  system. On a log-log plot, as 
shown in Fig 7.2, for a given value of D/T the lines obtained for the four  
gas flow rates are almost parallel, wi th  slopes less than unity.  Similar 
trends were observed for the electrolyte solution.
As discussed above, because of the practical inadequacy of using 
the model of Equation (7.1), the measurements  acquired were correlated 
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speed, N, the gas How rate, Q, and the impel ler-lo-tank d iameter  ratio, 
D/'T, in the I'orm:
e = KN° Q1 D_
T
(7.2)
using non-linear least square regression analysis.  The coefficient of 
determination, r, of the lit is 0.966 and the s tandard  deviation, s, of e 
about  the regression line is 0.1230, for the a ir -w ate r  dispersion. The 
values of the model parameters  are:
K  =  4 .07. a = 0 .62 .  b =  0 .64 . c =  1.39.
and are all highly significant. Fig 7.3 shows a plot of e against
1.39
0 .6 2 /0  0 .6 4 D_
T
. The data  falls within a 22% range either side of the
regression line.
The same model was used to correlate the air-NaCl solution 
results.  The values of the model parameters  obtained are highly 
significant and equal to:
K  =  4 .20 . a = 0 .79 .  b =  0 .52 . c =  1.92.
with r =0.985 and s=0.0618. This correlation is plotted in Fig 7.4 with
the data  lying in an uncer ta in ty  band of ±15%. The scatter in this case 
is lower  than that for a i r -water .  This is due to the reduced disturbances
at the bulk liquid surface in the case of the electrolyte solution, which
allowed a more accurate determination of the dispersion level.
The data  was then classified into a vortex-clinging cavi ty  regime, 
hereafter called V-C regime, and a large cavity regime, hereafter called L 
regime. Measurements  of gas holdup in the Hooding regime were not 
possible because of the large disturbances occurring at the bulk
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dispersion surface. For the a ir -water  system 47 points were found to lie 
in the V-C regime and 35 in the L regime. Using the same model 
(Equation (7.2))  the two data sets were correlated separately and the 
following two relationships were obtained:
(i) V-C regime:
with r=0.978 and s=0.0676. The data  for  this regime is plotted in Fig 7.5 
and it can be seen that the scatter around the regression line has reduced 
to about  ±15%, which represents an improvement of some 30% 
compared with  the scatter of the total grouped data  correlation.
(ii) L regime:
where r=0.980 and s=0.0536. This correlation is plotted in Fig 7.6. The 
scatter of the points has reduced in this case to approximate ly  ±10%, an 
improvement of 55% over the overall correlation.
In order  to determine the statistical signilicance of the 
improvement achieved in the gas holdup model by classifying the data in 
the two How regimes, a variance analys is  of the above correlations was 
carried out. Table 7.2 summarises  this analysis  and gives the result  of 
the F-dist ribution test of significance. The procedure involves calculating 
for each of the three correlations its residual sum of squares,  which is 
simply the sum of squares of deviations of the experimental data points 
about the regression line. Then, the mean squares  are calculated as the 
ratio of the residual sum of squares and the num ber  of degrees of 
freedom. The number  of degrees of freedom is equal to the total number  
of data  points less the number  of cons tra ints  which are established by




e =  1 .3 34 V (7.4)
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the* least squares method of curve fitting. Fitting an equation with four 
parameters  ie., K, N, Q and D/T, introduces four  constraints.  Tw o mean 
squares are obtained; One for the equation based on all data  grouped 
together and the other  is a combined mean squares  obtained by summing 
the residual sum of squares of Equations (7.3) and (7.4), and dividing 
by the sum of their numbers  of degrees of freedom. The ratio of the two 
mean squares,  thus  obtained, is computed and called the ’ms ra t io ’. The 
F-test consists in comparing the ms ratio with the F-ratio extracted from 
the statistical F-distribut ion tables [141] at the desired levels of 
significance, as shown in Table 7.2. Since the ms ratio, 2.163, is greater 
than 1.962 and less than 2.252, the improvement in accuracy achieved 
by using the two-separate-rcgimc correlations is therefore strongly 
significant at the 0.5% level.
The same data  grouping technique was applied to the 
measurements  of the air-electrolyte solution system. Each How regime 
contained 27 data points. The models obtained are:
(i) V-C regime:
with r=0.995 and s=0.0414. Fig 7.7 represents a plot of this correlation 




€ = 3.857N ()92Q T (7.5)
1.64
6 = 2 .8 5 8 N " 1('Qi u .7 6 /-) O..S1 7 ) (7.6)
r
with r=0.990 and s=0.0373. This correlation is plotted in Fig 7.8. The 
scatter of the data is within ±8%, w hic h represents a reduction of 47%.
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Table 7.2 Significance test f or A ir-W ater  
gas-holdup correlations
Correlation
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Freedom (v)jof Squares (ss)| (ms =ss  /v)
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Tabic 7.3 exhibits the F-test of significance for the above two 
equations with respect to the overall  air-NaCl correlation. The 
improvement achieved in the1 accuracy of prediction by using the two- 
scparate-regimc models is strongly significant at the 0.5% level.
The gas holdup relationships obtained for both a i r -water  and air- 
NaCl are summarised in Table 7.4. From the l i terature correlations 
presented in Table 7.1, the ones which are amenable to direct comparison 
with the models established here are those which are based on 
independent  parameters,  bearing in mind that these equations donot 
distinguish between the different How regimes:
- Yoshida and Miura [103]:
Their  gas holdup fraction is based on the clear l iquid volume and 
not on the dispersion volume. However,  since the m aximum holdup in 
their case is only 5% the effect should be small. Their  equation can be 
rearranged in the form:




The exponents of N, Q, and D/T in this relationship are all higher than 
the ones in the overall a i r -water  correlation in Table 7.4. They used 12 
blade turbines, this makes the impeller  gas handling capacity higher and 
therefore the exponents of the variables would be expected to be more 
significant.
- Sterbacck and Sachova [108]:
Their  measurements  relate to a very small tank where surface 
aeration may be important.  This in addit ion to their different impeller 
geometry may explain the difference in the exponents of the parameters.
2 4 8
Tab le  7.4 S u m m a r y  o f  gas ho ld u p  c o r r e l a t i o n s
Cavi ty  Regime A ir -w a te r Air-0.1 5M NaCI solution
Overall e = 4.0707V "62<2 064 DT
1.39
€ = 4.2007V o79(2 0-52 DT
1 92
Vortex-Clinging e = 3.8517V" 73<2 062 DT
U>4
€ = 3.8577V" 92Q 041 DT
2.56
Large € = 1.3347V "b"Q 044 DT
1.31
6 = 2.8587V" 76(2°-51 Dr
1.64
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- Hassan and Robinson [1 10]:
Considering their correlation wlu'eh relates to non-electrolyte 
solutions, whereas their Q exponent of 0.57 is reasonably close to the one 
obtained here, 0.64, their  N exponent  is significantly higher than ours. 
Again, because of the small scale of their  vessels surface aeration is 
thought  to be the reason for this discrepancy together with the effect of 
the different l iquid properties.  Their  equation for the air-Na2S04 system, 
on the other hand, bears speed and flow rate exponents (0.88, 0.44) 
which are in reasonable agreement with the ones obtained here (0.79, 
0.52) despite the fact that  they used a different salt  and a much higher 
molar  concent rat ion.
- Yung et al [11 5]:
The exponent of D /T  (1.40)  in their non-electrolyte system 
correlation is in excellent agreement  w ith  the one obtained in this work 
(1.39).  However,  the exponents of the other  variables arc discrepant.  
This may be due to the difference in the properties of the liquids used. 
Also, the data scatter of their  correlation is greater than ±30%, which is 
significantly higher than the ± 2 2 %  incurred here. On the other hand, the 
exponents of N and Q (0.80 , 0.50) in their  equation which represents 
data for electrolyte solutions, are in very good agreement with the 
respective values of 0.79 and 0.52 in Table 7.4. The lower significance of 
their impeller diameter  exponent could be due  to a scale effect.
Higher gas holdups  are achieved under  the vortex-clinging cavity 
regime than under the large cavity regime. This is due to the blanketing 
of the impeller blades caused by the large cavities and therefore the 
ensuing decrease in liquid pumping capacity of the agitator,  which 
results in a weaker circulation capacity and hence lower gas retainment
2 5 0
in the bulk of the vessel. The u l t imate  ease would be a slate of complete 
cavi ty growth which then leads to the flooding of the impeller, with a 
s imple axial s tream of gas.
For the a i r -w a te r  sys tem,  the gas holdup is significantly more 
sensitive to the three variables N, Q and D/T in the V-C regime than in 
the L regime. This means that  a variation in any one of these parameters  
under  the fo rm er  regime will  have a more pronounced effect on e than 
under  the lat ter ,  in o ther  words,  relatively more improvement  in e can 
be brought about by the same increase in either of the three variables 
under  the V-C regime. This fact is also t rue  for  air-NaCl except tha t  the 
case is reversed as far as the gas How rate is concerned. Other  
discrepancies also exist between the two  fluid systems. In addition to the 
gas holdup being higher for the ionic system, comparison of the 
equations in Table 7.4 reveals th a t  the sensi tivi ty  of e to N and D /T  is 
appreciably higher for  the electroly te  solution. This exists under  both 
flow regimes considered, and hence it is also reflected in the overall  
correlations. In Section 5.5.7 it was  found that recirculation of bubbles 
in the lower  half  of the vessel s ta r ts  at  lower  speeds in the air-NaCl 
solution than in a i r -water .  An increase in D /T enhances this recirculation 
and the result ing effect will  therefore be higher for  the ionic system. 
These two reasons may explain the higher sensit ivity of gas holdup to N 
and D/T in the case of the electrolyte  solution. The exponent of Q in the 
overall correlations is higher for  the a i r -w a te r  dispersion. However, 
when the individual regime equations  are considered, this observation is 
found to hold only for the V-C regime, the opposite being true for  the L 
regime. This inconsistency is ^-priori  difficult to explain.
It has a lready been pointed out  in the above discussion that greater 
gas holdup can be achieved by switching the operation of the stirred
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vessel from the' L regime to the V-C regime. This change of regime can 
he effected by an alteration in either of the* three operational variables 
ie., N, Q or D T .  It was found that the relative effect on 6 was 
significantly different between the two fluid system s considered. The 
result of increasing either N or D T was a relatively higher increase in e 
for air-NaCl. On the other hand, a reduction in Q to change the gas 
cavity s truc tu re  from that of large to that of vortex-clinging produced a 
relatively higher increase in e for a ir-w ater.  This shows that not only is 
the overall two-phase flow different between the ionic and non-ionic 
fluid media, but also the am ount of physical discrepancy between 
vortex-clinging cavity llow regime and large cavity  flow regime is 
dependent on the fluid system used.
7.3 Im pe lle r  gassed p o w er
7.3.1 Literature rev iew
Many correlations for predicting impeller gassed power demand 
can be found in the literature. Some of these relationships are presented 
in Table 7.5 together w ith details pertaining to the range of experiments 
from which they were obtained. A good discussion of gassed power 
correlations can be found in Midoux [127] and in Mann [74]. Almost 
invariably, all of the correlations involve the ungassed power 
consumption This makes them indirectly  predictive since the usual 
assumption that the ungassed power num ber is constant for Re ^ 2 x io 4 is 
not alw ays true. Large falls in the power num ber can be expected at high 
rates of surface aeration as shown by Greaves and Kobbacy [126]. Also, 
recently Nienow el al [128] have found that the ungassed power num ber 
is a function of turbine' disc1 thickness and scale.
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One of the most successful models is that of Michel and M iller 
[121]. A num ber of o ther w orkers  have used the same type of model to 
correlate their experimental data. However, even with this type of 
correlation the accuracy of prediction cannot be expected to be better 
than ±30% . Nienow et al [76] described it as a ’catch-a ll’ correlation 
referring  to the fact tha t da ta  was correlated regardless of the prevailing 
flow regimes. As a significant step forw ard  tow ards  a more rational 
approach which discrim inates between the different How pa tte rns  when 
predicting impeller gassed power requirem ents, Greaves and Kobbacy 
[125] incorporated in their model a dispersion efficiency r\ which depends 
upon the regime of mixing, although the approach behind the 
determ ination of p can be described as som ew hat qualitative.
Because the gassed power is chielly determ ined by the condition of 
the impeller gas cavities, a more rigorous w ay of accounting for the 
na tu re  of the dispersion would be to correlate data according to the 
different gas cavity regimes. This method was em ployed in the previous 
section to im prove the accuracy of gas holdup correlations and is used in 
the same wray to treat gassed pow er m easurem ents.
7.3.2 Results and discussion
Gassed power m easurem ents were obtained in the 1.0 m tank  for 
the three impellers (D /T = l /4 ,  1/3, 1/2), for a range of rotational speeds 
(0.67-8.33 rcv /s)  at gas How rates (0 .00164-0 .00833 m3/*), using the 
measuring procedure described in Section 3.3. The fluid system s 
investigated were a ir-w ate r  and air-0.1 5M NaCI solution.
In agreement w ith other w orkers  [37, 104, 115, 121], no significant 
effect of* the ionic properties of the salt solution was found. 
Consequently, the m easurem ents of the two fluid system s were
2 5 4
combined and correlated together. A total of 136 da ta  points were 
obtained. The model used involved only the fundam ental variables N, Q
When the data was correlated w ithout due consideration to the 
dill'erent gas cavity regimes the relationship arrived  at was:
where r=0.990, s=0.1028, and w ith all the param eters  being highly 
signilicant. Fig 7.9 shows a plot of the above relationship. The data  fits 
the model w ith  an error interval of approxim ate ly  ±25% , which is 
usually  considered to be a reasonable spread. The data  was subsequently  
sorted into a vortex-clinging cavity regime and a large cavity  regime. 
Sixty nine data points belonged to the fo rm er regime w hile six ty  seven 
points belonged to the latter. The equations derived for these tw o flow 
conditions are:
(i) V-C reg im e:
and D/T.
P , =  706.3/V v,,1(2-0 45 —^ r (7.8)
P i:  =  4 4 1 .4  A r (7.9)
where r=0.994 and s=0.0747.
(ii) L reg im e:
1 \ .  =  1737.17V
7
(7 .10)
with r=0.991 and s=0.0810.
The above tw o correlations are plotted in Fig 7.10 and 7.11 respectively. 
The scatter for both fits is about ±15% , which represents an 
improvement of 40% over the overall correlation. A variance analysis
M 
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was conducted to test the statistical significance of this amelioration. 
Table 7.6 indicates that the improvement in accuracy achieved by the 
two separate models is highly significant at the 0.5% level.
Comparing Equations (7.9) and (7.10), it can be seen tha t the 
dilfercncc in the exponents of the param eters N and D /T is small. This 
implies that the effects of agitator speed and size variations on the power 
draw n arc sim ilar regardless of the gas cavity  s truc tu re . However, 
significant difference exists between the respective exponents of Q. 
Gassed power is more sensitive to changes in gas (low ra te  under the 
vortex-clinging cavity regime than under the large cavity  regime. This 
fact is in-line writh the shape of the well known gassed power demand 
curve at constant N and varying Q, where the vortex-clinging cavity 
region is characterised by a relatively  steep slope whereas the largc- 
cavity-rcgion part of the curve has a Hatter slope, the point of inflection 
corresponding to the form ation of the flrst three large cavities, as shown 
by Warmocsk.erk.cn and Smith [119].
The only correlation in Table 7.5 which uses only purely  
independent variables is that of Greaves and Kobbacy [125]. For rj= 1, 
their relationship relates to the ’efficient mixing regime’ contained 
between flooding and gas recirculation. In gas-cavity s tru c tu re  term s this 
regime spreads over both the V-C and the L regimes. Despite the large 
difference in reactor scale the exponents of the variables are close to the 
ones of Equation (7.8) which correlates all the m easurem ents  acquired 
here.
In the model used, as Q approaches extrem ely low values outside 
the range explored ie., Q—>0, the gassed power will be overestimated 
since whereas in principle it should tend tow ards  the ungassed
power value. Also, at extrem ely high values of Q ie., Q—*oo, the power
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Table  7.6 S ignificance test f o r  gassed p o w e r  c o r re la t io n s
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will he underestim ated since J\ -*() whereas ideally it should  tend 
tow ards the value of power needed to agitate the gas only. However, 
both ol' these extrem e situations may not represent practical cases for the 
use of the gas-liquid stirred  vessel.
7.4 Conclusions
•  Predictive correlations have been obtained for the total gas 
holdup and gassed power demand, which use only the independent 
variables for the system ie., N, Q, and D/T.  This is advantageous for 
practical design purposes. The overall correlations, w ithout due regard to 
hydrodynam ic regimes are, however, subject to a relatively  high degree 
of data  scatter.
•  Systematisation of the experimental data  into groups according 
to the two principal gas cavity  s truc tu re  regimes ie., vortex-clinging and 
large cavity regimes, enabled separate correlations for each regime to be 
obtained. In this way, the degree of scatter in the correlations was 
significantly reduced, thereby perm itting more accurate prediction of gas 
holdup and power requirem ent.
•  The analysis of the data  w ith regard to different flow regimes 
provided insight into the sensitivity of the various param eters affecting 
gas holdup and gassed power.
Chapter 8
POWER DYNAMICS AND GAS CAVITY FORMATION
2 6 2
8.1 Introduction
The process ol‘ inllow and outllow of gas from a disc turbine 
impeller, under non-recirculation conditions, is described by a linear 
dynam ic model. Transient power tests were carried out by making step 
changes in the sparged gas How rate. The time constants of the measured 
power transients, together w ith  the final s teady-state  gas outllow rate 
enable the size of the impeller gas cavities to be predicted. The model 
predictions are compared with estim ates of cavity size made from 
photographs taken from below the impeller. These were at the same 
steady state conditions as for the transient power measurements.
8.2 Literature rev iew
The shedding of roll vortices dow nstream  from the blades of a 
turb ine  impeller in an ungassed reactor is a well recognised phenomenon 
[129]. The rotating action of the b lade-trailing vortices creates a very 
low pressure inside the core of each vortex, and when gas is sparged into 
the vessel, these soon become filled w ith  gas. An early photographic 
s tudy  by Rennie and Valentin (1968) [93] provided visual evidence of 
gas migration to these low pressure zones behind the six blades of a disc 
turbine. Since then much effort has been devoted to the investigation of 
these gas filled cavities. With increasing gas loads, they have been found 
to change in form and grow in size. The cavity  shape is a function of the 
impeller speed and gas How rate for a given agitator geometry system. At 
a lixed rotational speed and a low gas flow rate, ’vortex ’ cavities are 
formed by the process described above. On increasing the gas rate they 
evolve into ’clinging’ cavities. If the gas rate is fu r th e r  increased three 
’large’ smoothly contoured cavities are formed behind alternate  blades, 
the o ther three blades still being trailed by clinging cavities. At higher 
gassing rates six large cavities, but of two dill'erenl alternating sizes
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develop giving rise to the so-ealled ’3 -d ’ s truc tu re . This is the most 
stable configuration, in that their size does not fluctuate significantly and 
the cavities donot change their respective blades. At still higher gas rates 
’bridging’ cavities can form so that the space between the blades is 
completely lilled with gas. U ltim ately , a configuration of six large 
irregular and oscillating ’ragged’ cavities is achieved. Not all of these 
configurations a lw ays occur. Some steps can be missing depending on the 
agitator speed. V an’t Riet and Smith [129] first showed that the power 
consumption of a turbine agitator in an aerated vessel is related to the 
development of these gas-filled cavities behind the impeller blades. The 
form ation of stable cavities reduces the form  drag, due to a streamlining 
effect, and hence the mechanical power requirem ent is diminished.
Bruijn et al [ 130], and, Nicnow and W isdom [131] studied the 
cavity  shape in more detail and put fo rw ard  suggestions on how the 
cavities change with gas How rate and impeller speed. The im portant role 
played by these gas cavities in the vessel hydrodynam ics  and, in turn , 
their influence on the overall perform ance of the contactor has become 
increasingly apparent through recent research [1 17, 132, 133]. Recent 
reviews by Smith and W armoeskerkcn [101, 120] (1985), and by 
Nicnow et al [86] (1985), have d iscussed the phenomena involved in gas 
cavity formation. The importance of s tudy ing  cavity  formation processes 
has been fu r th e r  evidenced in Chapter 7 w here classification of 
experimental data  on gas holdup and power dem and, on the basis of the 
different impeller cavity s truc tu res  established, led to more accurate 
correlations for these important mixing param eters.
Research on the development of s tream lined impellers has also 
been evident in recent years. De M artclcirc and Hcndrickx [134, 135] 
attached artificial solid ’cavities’ to the blade's of a Rushton turbine.
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Using ’cavities’ of elliptical shape made of a syn thetic  m aterial, they 
found that the power draw n by the agitator dropped to almost one third 
of the ungassed value and became independent of the gas How rale. This 
gas-flow-rate independence of the power, they claim, would make scale- 
up rules for design of equipm ent more reliable. It m ust be remembered, 
however, that the gas cavities control the process of bubble generation by 
the impeller. Bubbles are dispersed into the bulk fluid from the outer 
edges of these cavities. The hydrodynam ic  of gas inflow and bubble 
dispersion is fundam ental to operations of mixing and mass transfer  
[136]. Thus, all the gas th a t  recirculates through the impeller is 
thoroughly  mixed with the fresh gas flowing into the cavities. On 
balance, therefore, suppressing these gas cavities and replacing them by 
artificial solid ’cavities’ will s tream line the im peller blades, but will also 
seriously interfere w ith the gas mixing and bubble generation process. 
A lthough economy of mechanical power input is desirable, it should not 
be achieved at the expense of a poorer mixing performance. As a m atter  
of fact, The same authors  [134] have also observed a reduction in Nusselt 
num bers  when using this new type  of impeller.
8.3 Power dynam ics
When a sudden variation in the gas llowr rate  ie., a step change, is 
applied to the system, the power consumption goes through a transient, 
a f te r  which it reaches a new stable  condition. If we assume, as seems 
reasonable, that the instantaneous value of pow er d raw n  by the impeller 
is mainly determined by cavity size and shape, then it should be possible 
to obtain inform ation about the process of form ation  and growth from 
the transient power response. Previous work on dynam ic  power response 
has shown that, following a pulse change in gas flow rate, the response is 
characterised by a single ’high’ or ’lo w ’ frequency component, depending
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on the extent of the gas recirculation inside the vessel [137]. The overall 
characteristics of the transient curves obtained for positive as well as 
negative step change have been discussed by Greaves et al [138], who also 
pointed to the suitab ility  of a simple first order dynam ic model to 
represent the experimental response.
Here, a simple model of the cavity formation is investigated, based 
on the gas inflow and outflow from the region of the impeller. The gas 
cavity  sizes predicted by the model are compared with those obtained 
experim entally  from photographs and the su itab ility  of the model is 
discussed.
8.4 Simple dynam ic model
Fig 8.1 is a simplified representation of the complex 
hydrodynam ics occurring in the impeller region. The process of cavity  
formation is viewed in term s of gas inflow and gas outflow from  the 
turb ine impeller region under conditions of no gas recirculation. At a 
given impeller speed, the instantaneous cavity size is related to these gas 
flow rates. It is reasonable to assume, therefore, that the gas outflow 
Q„(t ) from the control volume surrounding the impeller is proportional 
to the total volume of the cavities vc(t ) as given by:
<20(r ) = A V e U ) (8 .1)
where A is a constant for a given impeller d iam eter and speed.
In order to a rrive  at a model which describes the agitator power 
transients, we need to define a relation for the change in impeller power 
resulting from a sudden change in gas flow rate, in term s of total cavity  
volume. In a low viscosity gas-liquid system the power response is very 
rapid [138], so the process of cavity growth m ust also be very fast. In
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the absence of any detailed mechanistic understanding , the simplest 
approach is to assum e a linear dependency of the power change on cavity 
volume, as follows:
/^(o) -  Fi t  ) = in^U ) (8.2)
where, 7^ .(0) is the impeller power at time 0 ie., the ungassed power 
value at the same rotational speed, 7\„ and Fi t  ) is the  new steady state 
pow er value reached af te r  time t from applying the change in gas load. 
Assum ing constant gas density , the mass balance for the gas phase over 
the control volum e enclosing the agitator can be w ri t ten  as:
dX‘ U)-  =Qi ( . i ) - Q„U)at
and substitu ting  for (?„(/ ) from  Equation (8.1) gives: 
dVe it )
dt = Q , i t ) - A V cit )
For a steady state gas inllow Q , i t )  equal to Qy :
d (Qp —A V C it )) ^
* . . .  , x =  - A d i  (8.3)Q ^ - A V ^ i t )
Noting that at time t=0 the initial conditions arc: 
ve(o) = o qk = o <2 „(o) = o. 




1 -  - £ ~ V J l  ) =  e~M
and,
A (8 .4)
Com bining Equations (8 .2) and  (8 .4) yields:
Pu- r U )  = ^-QA\-e-A' )A k (8 .5)
The transien t response is, therefore, expressed as an exponential tim e 
function  characterised by a tim e constant rf = \ / A .  Hence, the steady 
s ta te  of Equation (8 .1) becomes:
where, v cp is the m odel-predicted  total cavity  volume and is calculated
8.5 E xperim ental procedure
Experim ents were carried out in the 1.0 m mixing vessel which is 
fu l ly  described in Chapter 3. Relevant features of the equipm ent are also 
depicted in Fig 8.2. The Rushton turb ines used had D /T  ratios of 1/4, 
1/3  and 1/2, and  were placed at a clearance of T /4 . The tank  was filled 
to a height of 1.0 m w ith  filtered softened w ater and the gaseous phase 
w as filtered air. Prior to initiating a dynam ic experiment, the system was 
first allow ed to reach steady state. The input d isturbance applied to the 
system  was, in each case, a positive step change in the air flow rate 
s ta rting  from  an ungassed condition, enabling the m axim um  power drop 
to be obtained. This cased the analysis of the transient curves somewhat.






















Fig 8.<; Set-up for power dynamic tests.
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The step change in gas flow rale was achieved m anually  by suddenly 
opening a ball valve inserted in the gas line. The step changes used had 
m agnitudes of 4.38, 6.87 and s.33xi(r^ m V.v. The agitation speed ranged 
from  1.00 to 8.33 rev /s  and its value was held constant during  the 
dynam ic  tests by the Fenner speed controller described in Section 33. 
The transien t impeller torque was measured by the BHC torque 
t ransducer  mounted integrally  w ith  the impeller shaft (Section 3.3.1). 
The torque transient curves were recorded on a chart  recorder for 
subsequent analysis. Any e rror in torque m easurem ent was eliminated 
since the steady state component was subtracted from  the ou tpu t.
In order to check the va lid ity  of the dynam ic  model proposed, 
photographs of the impeller region were taken through the transparen t 
base of the tank. The camera used was a Nikon-F2 35 m m  single lens 
reflex w ith  28 mm wide angle lens, supplied w ith  a remote control lead 
and m otor drive. The camera was accurately aligned w ith  the impeller 
centre and by using flash illum ination (1 /6 0  sec.) a steady image was 
obtained. The correct exposure was found by tria l tests. The Pan-F film 
used was later developed for high contrast. Additional flow visualisation 
aid was provided by a stroboscope. The projected area of the cavities was 
m easured by a planim eter and the total volume of the six cavities was 
then estim ated by assuming a constant cavity dep th  equal to the depth of 
the blade, D/5, less the disc thickness.
8.6 Results and discussion
8.6.1 Power transien ts
A typical power transient curve is shown in Fig 8.3. The fast 
response reported by Greaves et al [138] in a 0 .20  m vessel is confirmed 
here for this much larger scale reactor. The transient curves also
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revealed that there arc in fact tw o  response regions, designated 1 and II in 
Fig 8.4. The very fast drop in pow er in Region I (a fraction of a second), 
which accounts for the major portion of the total power reduction, is 
m ain ly  associated w ith the grow th of the gas cavities. A fte r  reaching a 
pseudo steady state, corresponding to the value P \  the pow er begins to 
fall again, eventually  reaching its  final steady state at PK. The Region 11 
response is much slower, typically  extending over a period of a few 
seconds. This effect is a t tr ibu ted  to the gradually  developing pattern  of 
gas holdup in the bulk of the vessel, as well as some gas recirculation 
into the impeller, causing a fu r th e r  increase in cavity  size.
Qualitatively, the higher the gas ho ldup and the greater the extent 
of gas recirculation, the more the in term ediate  steady state P ’ will be 
separated from the final steady state  I\ . . This effect can be described
( F —P )approxim ately  by the ratio —  In the following discussion,(P ,i F )
atten tion  is focused prim arily  on the process of the transien t cavity  
grow th  as typified m ainly by the response of Region I of the dynam ic 
pow er curves.
The dynam ic model (Equation (8 .5 ))  predicts tha t the transient 
pow er response should have an exponential shape. It was in fact possible 
to fit an exponential curve to all the experimental transients. For this 
purpose, the curve fitting procedure was perform ed using a set of 
’tem pla tes’, selecting the best fit in each case. The tim e constant values,
Tf , obtained in this w ay are d isplayed in Table 8.1, fo r the three 
tu rb ines  used. For a given impeller size and speed some scattering in the 
values of the time constant can be noticed. This is due to the relatively  
large torque fluctuations in the signals as well as a certain degree of 
arb itrariness  in the choice of the best exponential function fit. It can also 




Fig 8.3 Typical transient power response 
Curve A: Cavity formation 






Fig 8.4 Interpretation of a transient power curve
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Table 8.1 Kx peri mental  t ime constants  and cav i ty  sizes
D  I T 1/4 1/3 1/2
N  
( rev/s)
4.75 5.33 5.83 O'* 5.67 7.50 8.33 *.42 3.00 3.33 4.17 4.50 4.75 5.00 .00 1.25 1.67 2.08
4 .3 8 x i< r*






’ - - - 3.88 3.78 - 3.88k .46 1.66 - 1.66 1.66 p 1.66p 1.56p - - r r
7f
(s)
).1() >.10 >.15 3.08 3.10 3.1 1 0.10 >.25 3.30 3.15 3.28 0.22 0.15 0.20 >.35 3.30 3.28 0.50
Ts
(s)
3.80 >.78 3.90 3.86 3.82 1.06 1.30 ).34 3.33 3.28 3.43 0.36 0.42 0.38 >.31 3.62 3.41 0.57
6 .8 7 x 1 0 “'’
(m V i  )
VC£
( 10 -3m 3)
[).68 3.88 - - 1.07 - r .66 1.76 1.95 1.85 1.85p 2.15p r - 3.39 3.58 r
Tf
(s)
3.09 3.09 3.08 3.06 3.07 3.08 0.08 ).l 7 3.18 3.16 3.20 0.14 0.15 0.10 >.30 3.40 3.35 0.33
T*
(s)
1.14 3.90 1.08 3.98 1.04 1.00 1.02 ).22 3.25 3.23 3.27 0.21 0.21 0.19 >.420.54 0.56 0.38
8 .3 3 x 1 0 - ’ 
(mV.v )
Vc,
( l ( r 3/n 3)





0.08 3.06 0.08 0.09 0.08 0.06 0.09 ).l 10.14 3.12 3.15 0.20 0.14 0.11 >.15 3.34 0.35 0.50
r s
(s)
0.90 0.92 0.94 3.86 1.00 1.20 1.26 ).16 0.22 ).210.21 0.25 0.22 0.19 >.15 3.28 3.39 0.33
p: partially obscured by recirculation 
r: totally obscured by recirculation
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input, Q, and a given impeller size, i f  does not vary  significantly with 
N. This means that N has a negligible effect on the speed of cavity 
form ation. On the other hand, r f increases appreciably w ith increasing 
tu rb ine  diameter. This is simply due to the im portan t relative increase in 
cavity  size (ccD2). The time constants obtained were used to predict the 
total volum e of the gas cavities from  Equation (8.6).
8.6.2 C avity  size measurements
The photographs taken confirmed all of the cavity  configurations 
described in Section 8.2 above ie., vortex, clinging, 3 clinging-3 large, ’3- 
3’ s tru c tu re  of large cavities, bridging and ragged cavities. Sample 
photographs of these configurations are shown in Figures 8.5 (a-f). The 
film negatives were mounted on slides and projected on a screen. From 
the magnified projections, the cavity  contours were carefu lly  traced onto 
transparent paper for subsequent m easurem ents. The cavities considered 
were m ostly  of the ’3-3 ’ structure .
U nfortunate ly , not all of the photographs were useful because the 
cavities were obscured due to gas recirculation below the impeller. A t 
high agitation speeds the im peller region became either partia lly  or 
completely obscured by the dispersion. This effect was particu la rly  
restric tive w ith the largest tu rb ine  (D /T = l /2 ) .  The cavity  volumes 
estimated from  the photographic projections are plotted against those 
predicted by the dynam ic model in Fig 8.6. There is a fa ir  degree of 
agreement over the operating range. In the absence of any three- 
dimensional inform ation on cavity shape, the volum e of a cavity was 
calculated on the assumption of a constant cavity depth from the blade 
surface to the rear of the cavity . This is likely to overestim ate 
substantia lly  the actual volume of the cavity as its vertical profile would 
be reducing tow ards the rear of the cavity . It is not surprising therefore,
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tha t the observed volum e values generally lie above the diagonal. The 
overall percentage e rro r  of the predicted values is -36%. Moreover, the 
cavity  size predicted from the power transient does not account to r  the 
later increase in cav ity  volume that may occur due to gas recirculation 
into the impeller, whereas the photographs obviously show the steady- 
state cavity  size, which includes this la tte r  contribution. Consequently, 
the agreement between the observed and the model predicted cavity 
volum es is judged to be satisfactory, broadly confirming the valid ity  of 
the assumptions m ade in the dynam ic model.
Another param eter that can also be determ ined from  the transient 
power curves is the delay  tim e tr (Fig 8.4), which effectively allows the 
first transient to be completed before any recirculated gas reaches the 
impeller. This will be m uch sm aller than the average circulation tim e in 
the vessel, being chiefly influenced by the shorter  gas recirculation loops 
[118]. This delay tim e substan tia lly  eases the analysis  of the transien t 
curves and greatly im proves the reliability  of the results.
( T ' - T , )A fu rther  consideration concerns the use of the ratio  — — ^-y. As
shown in Fig 8.7, th is  quan tity  increases w ith  im peller speed and size, in 
other words, w ith  increasing gas recirculation and holdup. This not only 
supports  the two-region in terpretation of the power transient curves, bu t 
could also provide a useful basis for analysing gas recirculation effects, 
allowing the present cavity model to be extended to conditions of 
recirculation.
W hile all these results  encourage fu r th e r  w ork on transien t 
response m easurem ents, it is evident that im provem ent of the 
measurement and da ta  processing of results is desirable in order to 
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the m easurem ent process, enabling repetitive sets of experim ental results 
to be smoothed and subsequently correlated by numerical least squares 
fitting procedures. The use of a fast autom atic on-olf valve to introduce 
the step changes in gas Dow rate would also be advantageous.
8.6.3 C avity  stripping process
The process of cavity form ation which follows the  sudden opening 
of the air valve was generally found to be much fas te r  than the reverse 
process of cavity stripping which results  from the instan t shut down of 
the air flow into the vessel. A typical transient curve  representing the 
la tte r  process is compared w ith  the corresponding dynam ic  curve of 
cavity  formation in Fig 8.3. The difference between the  fall and rise of 
the tw o transients, respectively, is remarkable. Bruijn et al [130] found 
that w ith  large cavities the pressure behind the im peller blades rises to 
a lm ost the static pressure in the flow. In the instance of cavity 
development, the low pressure field behind the blades provides a high 
a ttraction  force for the gas. A t steady state, gas is dispersed from  the 
ou ter  edges of the cavities and this is made up fo r  by the inflowing 
sparged and recirculated gas into the impeller. W hen the  sparged gas flow 
is in te rrup ted  gas continues to disengage from the cavities. Consequently, 
the decreasing pressure behind the blades acts to delay this process of gas 
disengagement by resisting the gas outflow from the impeller and by 
capturing more of the still recirculating bubbles.
The values of the time constant rs , extracted from  the cavity  
stripping transients, are displayed in Table 8.1. In th is  case also, the 
agitation speed does not have any notable effect on r s , fo r  a given gas rate 
and im peller diameter. The interesting difference, here, between the tw o 
tim e constants rf  and rf , is that w hilst on average rf  increases 
monotonically with D /T  for a constant Q, r f decreases sharply  between
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D /T = l /4  and 1/3, but then recovers at D /T = l/2 .  Therefore, it seems that 
there exists a critical value for D/T between 1/4 and 1/2, which is a 
tu rn ing  point for the trend of t s . Given that data has only been obtained 
for three impeller sizes and that no quan tita tive  or qualita tive 
inform ation  is available on the transitory  states of the process, it is, at 
first hand, difficult to speculate about the causes behind this 
phenomenon. From Table 8.1, it can be seen that the difference between 
the speeds of cav ity  form ation and stripping is very high for the 
smallest turbine, b u t reduces in magnitude as D /T  increases. In fact, for 
the largest ratio the time constants of the tw o  transients become more or 
less of the same order. This is a result of the basically adverse effects 
tha t the  increase in impeller size has on the speeds of the tw o  processes.
By comparing the general behaviour of the two transients  in Fig 
8.3, it can be noted that the reverse process of cavity  stripping  seems to 
follow  the same trend  as the fo rw ard  formation process, although much 
m ore slow ly. In fact, the stripping transient also shows a two-region 
response behaviour. The first region accounting for most of the power 
increase, is considered to be governed by the stripping of the cavities, 
w hereas the second region represents the subsequent slow disengagement 
of the gas holdup. Visual observation showed this second mechanism to 
be re la tive ly  slow, typically  occurring over a period of approximatcy 10 
seconds, as also found by Mann et al [140] in their dynam ic gas 
disengagement experiments. This is due to the slow release of the gas 
bubbles entrapped in the liquid circulation loops.
8.6.4 C avity structure maps
A cavity s tru c tu re  map for each of the three D /T  ratios used has 
been constructed (Fig 8.8 (a,b,c)) using established correlations from the 
litera ture . On each m ap three principal regimes can be distinguished:
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(i) A stable regime with six vortex or clinging cavities.
(ii) A stable regime with either 3 large-3 clinging or ’3 -3 ’ large cavity  
s tructure .
(iii) An unstable regime with six oscillating ragged cavities.
The transition from loading regime (i) to loading regime (ii) was
/
correlated by Smith and W armocskerken [120] as:





The transition from loading regime (ii) to flooding regime (iii) was 
correlated by Nienow et al [86] as:




Two other transitions have been added on the maps. The first one 
corresponds to the s ta r t  of gas recirculation in the lower part of the 
vessel. This is characterised by the N CD speed correlated by Nienow et al 
[76] as:






The N cd line corresponds to a m inim um  in the power consumption 
as the speed is increased at constant gas flow rate. In term s of gas 
dispersion, it denotes the condition of full gas d istr ibution  in the upper 
part of the vessel and initiation of bubble deflection below the im peller 
plane. Originally, NCD was interpreted as the transition to flooding by 
Nienow et al [139]. This speed is in fact significantly higher than the 
value given by Equation (8.8).
The second transition line also identified by Nienow et al [76, 86], 
corresponds to a m axim um  in the power demand when the speed is
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increased at constant gas llow rate, above NCD to a value N R . This speed, 
Nr , m arks the establishm ent of intensive gas recirculation to the 
impeller, causing an increase in the cavity size and hence the power 
drops slightly again, It is expressed as:
N r  — ( 8. 10)
1)
The cavity  configurations observed photographically  a t different 
agitation speeds and air  flow ra tes  are indicated on the  cavity  maps fo r  
the three D /T  ratios. They generally confirm the va lid ity  of the 
correlations for cavity s tru c tu re  transition, except for D /T = l /2  w here 
some ragged cavities were detected to the r ight of the flooding regime 
boundary ie., inside the ’3 -3 ’ s tru c tu re  zone. This indicates a possible 
scale-up limitation fo r  equation (8.8), bearing in mind th a t  th is  
correlation was derived from  experimental data  obtained in vessels 
having a m axim um  size of 0.61 m only [86].
W armoeskerken et al [119, 132] reported that large cavities could 
not form at Froude num bers  less than  0.045. On their  cavity  m aps the 
lines corresponding to F, =0.045 are situated outside the  ’3 -3 ’ s tru c tu re  
region ie., in the area of vortex-clinging cavities at low gas flow rates, 
and lying therefore, in the zone of ragged cavities at high gas flow rates. 
This is also the case for the D /T = l /4  and 1/3, as shown in Figs 8.8 (a,b). 
For D /T = l/2 ,  however, the line is seen to cross the '3 -3 ’ s tru c tu re  region 
for an im portant range of gas flow rates, a priori, suggesting the 
possibility of large cavity  form ation  at Froude num bers below the value 
of 0.045. On the other hand, the cavities observed in th is  v icinity  of th is  
Froude num ber value, were of the ragged type, as indicated in Fig 8.8 
(c). Although this seems to support the finding of W arm oeskerken et al 
that large cavities should not form  below a Froude num ber of 0.045, it
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also appears to support the rem ark made above that the llooding-loading 
transition should be shifted to the right, therefore, bringing the Froude 
num ber line out of the ’3 -3 ’ s truc tu re  region, inside the Hooding zone.
8.7 Conclusions
•  The impeller transient power response resulting from an inpu t 
d isturbance in sparged gas flow rate dem onstrates  tw o response regions. 
A very fast drop in power in Region 1, w hich accounts for the m ajor part 
of the total power reduction, m ainly associated w ith  the grow th of gas 
cavities behind the impeller blades, and  a much slower response in 
Region II, m arking the subsequent contribution  to power drop due to the 
b u ild -up  of gas holdup and recirculation.
•  A simple first order dynam ic model is proposed to describe the 
interaction between the inflow and outflow of gas from the cavities 
which form behind the agitator blades when gas is sparged into the 
reactor. The experimental lim e constants can be used to estimate the size 
of these gas cavities. The model is able to  predict to a reasonable degree 
the  first part  (Region I) of the  power transien t response.
•  In general, the cavity  form ation process is m uch faster than  the 
reverse process of cavity stripping, bu t however, the difference between 
the  two diminishes significantly w ith  increasing D /T  ratios.
•  There is increasing interest in the optimisation of impeller 
profiles in relation to mixing perform ance, justify ing  the need of 
searching for more understanding of the impeller hydrodynam ics, 
because only through complete appreciation of the complex phenomena 
involved can significant progress be achieved in th is  domain. In this 
respect, a detailed knowledge of the gas cavity  form ation, size and shape* 
is im portant if performance param eters  (eg. e, 7*g , K L a etc.) are to be
accurately predicted and optimised for particu la r geometries. The 
transient technique described is useful for studies of impeller 
hydrodynam ics in stirred vessels, especially in those cases where visual 
observation of the agitator is obscured eg. three phase reactors, intensive
recirculation below the impeller, or is not possible for o ther reasons.
/
Furtherm ore, the sim plicity of the m easurem ent technique makes it 
possible to apply it s tra ig h tfo rw ard ly  to full p lan t scale operations.
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•  The potential of the data acquisition system  of the capillary 
suction probe and the conductiv ity  probe techniques can be greatly 
enhanced by extending the present two-channel b inary  w aveform  store 
to an external FIFO (lis t-in -firs t-ou t)  buffer system . The essential 
fea tu res  of such a system  are described in Appendix C. Instead of data 
being analysed a f te r  the w hole bubble sample has been collected, this 
facility  will allow data analysis  to occur in between bubble detections 
and therefore will reduce the experimental time to  v ir tu a lly  just the 
tim e needed to detect the sample of bubbles. In addition, such a buffer 
can be made large enough so tha t in practice sampling periods can be of 
unlim ited  length.
•  It would be interesting to arrange for the  application of the 
capillary  suction probe technique to bubble size m easurem ents in an 
industr ia l s tirred  reactor because of the need fo r  da ta  from  actual 
industr ia l scale operations. The compactness of the probe and the 
associated data acquisition system m akes such an experim ent quite 
feasible. In an industrial environm ent an increase in the robustness of 
the probe would be desirable. In this respect the use of a glass lined 
stainless-steel capillary tube would be advantageous.
•  M easurements of bubble size in the presence of a th ird  solid 
phase are rare, and the effect of solids on the bubble  coalescence and 
breakage processes are not well know n. The capillary  probe technique 
w as tested, although no detailed m easurem ents w ere  made, in a small 
s tirred  vessel using glass particles for the solid phase. The method was 
found to work provided the solid particles were larger than the capillary 
diam eter, o therwise probe blockage problem s would arise.
•  An other undeveloped area in gas liquid mixing is the bubble 
behaviour in viscous system s. No knowledge is available  on bubble size
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d is tr ibu tions  in these systems. The capillary probe technique could be 
useful in providing a contribution in this field. It m u st how ever be 
borne in mind that because of the limited pressure available  fo r  suction 
through the capillary , the method m ay not w ork w ith  h ighly  viscous 
liquids. Nonetheless, the technique will still be useful for an appreciable 
viscosity range. For high viscosities the developm ent of a lte rna tive  
techniques is needed. In this respect fibre optical probes have great 
potential. The basic fram e w ork for developing one of such in s tru m en ts  
has been established in the present research s tudy  bu t m ore  work is 
needed in order to complete its developm ent.
•  The extension of the conductiv ity  probe to a tw o-electrode 
ins trum en t w ould  be valuable in providing inform ation on local bubble 
velocity. The signal trea tm ent and data  acquisition system s arc  in their 
present form already able to cater  for such an in s tru m en t.  F u rther  
m iniaturisation and im proved coating of the electrodes w ould  be 




a Total  specific interfacial area ( m - 1 )
Qp Point specific interfacial area (m -1 )
C„ (Coefficient of variation
d Impeller disc diameter (m )
d h Hubble equivalent spherical diameter (m m )
d, Internal hub diameter (m )
d  ln Number mean bubble diameter (m m )
d  1(, Overall value of mean bubble diameter (m m )
d  3 2  Sauter mean bubble diameter (m m )
d 3 2  Overall value of Sauter bubble diameter (m m )
Point Sauter bubble diameter (m m )
d 0  Outer hub diameter (m )
D Impeller diameter (m )
DT Time interval between detectors (s)
Ft Flow number (Q / N D 3) ( - )
Fr Froude number (D N 2/g  ) ( - )
g Acceleration of gravity ( m / 5 2)
II Liquid height in tank (m )
/„  Incident light intensity (photons m ~ 2s )
1 Transmitted light intensity (photons m ~2s )
1 Optical path length (m )
Lb Impeller blade length (m )
L h Hub length (m )
nh Number of bubbles in a sample
rif Bubble passage frequency ( 5 - 1 )
N Impeller speed (rev /s)
N cd Stirrer speed for start of gas dispersion below impeller (rev /s)
A',, Minimum stirrer speed for gas dispersion (rev /s)
N f 7  Flooding speed (rev /s)
Np  Recirculation speed (rev/s)
P& Impeller gassed power (W )
Py  Total gassed power (W )
P () Ungassed impeller power (W )
P' Intermediate pseudo steady state value of power (W )
Q Gas flow rate ( m * / s )
Q () Gas outflow rate from impeller (m 3/s  )
Q-, G a s  inflow rate to impeller (m 3 / .r )
r Coefficient of determination or radial coordinate
Rt  Reynolds number (p7VZ)2 //x) ( -)
s Standard deviation of correlated variable about regression line 
//, Impeller blade thickness (mm)
i Bubble passage time (s)
Th Bubble detection time (s)
T Tank diameter (m) or total sampling period (s)
Td Impeller disc thickness (mm)
T, Impeller torque (Nm )
Ts Shaft torque (Nm)
Us Gas superficial velocity (m /s)
U, Bubble terminal velocity (m /s)
vh Bubble velocity (m /s)
V I.iquid volume (m 3)
Vc Total volume of gas cavities (m 3)
Vc Total volume of gas cavities predicted by dynamic model (m 3)
Vcc Total measured volume of gas cavities (m 3)
W Impeller blade width (m)
v. Vertical coordinate





fi  Liquid viscosity (jV.v/m2)
p Liquid density ( K g / m ■*)
pv Gas density ( K g / m * )
cr Surface tension (N /m )  or Standard deviation
Ty Time constant for cavity formation transient (s)
t s Time constant for cavity stripping transient (s)
7} Dispersion efficiency (-)
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APPENDIX A
A1 M otor and speed controller
The m otor and speed controller were made by JH FENNER & Co. 
(Pow er Transm ission) Ltd., and the following specifications were taken 
from  ’Fenner Electrical Drives’ m anual 200/82 .





M axim um  torque 
Power










Tacho Feedback C ontro ller  
516 P5000
better  than ±0 .1%  of fu ll  m otor 







Fenaflex T yre  Couplings


















The in s trum en t was supplied by British H overcraft Corporation 
Ltd., East Cowes, Isle of W hight, England. The following specifications 
were taken from  ’T ransducers  and Instrum en ta tion ’ m anual, SP4352 




1.5 times full working torque w ithou t 
loss of calibration accuracy. T ransient loads 
to twice the full w orking torque w ithou t damage. 
601 n at 20 °C 
up  to 20 V AC or DC
2.2 mV ±5%  per Volt applied at fu ll 
w orking torque 
+0.014 m V /V
m axim um  error from  calibration due to 
non-linearity  hysteresis and repeatability  
± 0 .1%  of full working torque from  0 rpm  
to m axim um  speed quoted below.
0 to 45 °C
suitable for rotation in either direction 
0-6000  rpm 
6000 rpm
Bridge resistance 
Bridge supply  voltage 
Sensitivity
No-load ou tpu t 
Performance





A4 Level transm itter
(Source: Installation and Operating Instructions, 909-605-1 76D, 1977) It 
is a two wire capacitance to cu rren t t ra n sm itte r  which produces a 








Tem perature  effect 
Span 
Zero
Max. ou tpu t ripple 




0.25% peak to peak 
100 ms
1% m ax /3 0  days, non cum ulative
A 5 BBC m icrocom puter
(Source: BBC System M anual)
Make
Model
Acorn Com puters 
B
Central Processing U nit (CPU) 
W ord length 
M emory 
Clock speed






I CL 7109 (m ade by Intersil) 




Gain/Tem p, coefficient 
N on-linearity  e rror
fixed, 2 V full scale 
40 ms
± 8 0  ppm/°C 
± 0 .2  lsb
A 6 M a c sy m  II m ic ro p ro cesso r
(Source: Macsym II System M anual)
Make
Model




N on-linearity  e rro r 
Gain tem perature  
A /D  conversion time
± 0 .5  lsb
±  15 ppm°C max. 
25 /j l s  max.
Central Processing Unit (CPU)
W ord length 16 bits
M emory 64 Kwords
Execution speed 
Arith ./logic instructions 1.2 /j l s  
M emory ref. instructions 1.8 /is
Analog Input Card 




32 single ended or 16 true  differential 
1 ,1 6 , 256 
± 0 .02%





25 / a s : G = 1, 16 
50 / a s : G = 256
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APPENDIX B 
B1 Programme for  power measurement
B l.l  Description o f  principal routines
1. PROCassemble: Assembles machine code routines concerned w ith  
speed m easurem ent (lines 260-850).
2. Setup: machine code routine which initialises speed m easurem ent 
system:
(i)  The VIA (Versatile  Interlace A daptor)  is set up  to provide the 50 
KHz tim e base fo r  rotational period m easurem ent (lines 520-580).
(ii)  In te rrup t service vectors are changed to point to the new in te rru p t 
service routine INTIN (lines 590-700).
3. PROCsetupanalog: programs the VIA to interface w ith  the A /D  
converter (lines 1130-1240).
4. FNanalog: function which re tu rn s  the cu rren t value of the analog 
inpu t (lines 960-1020).
5. FNvalue: function which reads the ou tpu t of the A /D  converter a f te r  
a conversion has been perform ed (lines 1540-1610)
6. FNready: function which tests  w hether the A /D  has finished 
conversion in progress (lines 1630-1650).
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7.-FNspeed: function which re tu rns  last measured value of m otor shaft  
speed in RPM (shaft speed is m easured and stored continually  as a 
background task, w hether or not FNspeed is invoked. This contrasts  w ith 
FNanalog), (lines 870-940).
8. getspeed: machine code routine w hich reads the last measured speed 
value from tem porary  store and re tu rn s  it in the microprocessor’s 
internal registers. A flag is also re tu rned  which indicates w hether an 
a ttem pt has been made to read the  same value twice in succession. This 
is tested by FNspeed in line 890 (line 800).
9. Intin: the in te rrup t service rou tine  fo r  speed m easurem ent. Contents 
of the VIA counter (representing 65536-period of inpu t pulse in 20 {is 
units)  are transferred  to tem porary  memory store. VIA is set up to 
measure next pulse (line 720).
Other routines and functions are briefly described where they are defined 

























2 3 0  






3 0 0  
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320  
3 3 0  
3 4 0  
3 5 0  
360  
3 7 0  
380  




4 3 0  
440  






REM p r o g r a m  f o r  p o w e r  m e a s u r e m e n t s  
F’RQCa s s e mb  1 e 
CALL s e t u p  
P R O C s e t u p a n a 1og 
TIME=0
REPEAT: PR I NT F N a n a l o g : U N T I L  TIME> = 500
SOUND 1 , - 1 5 , 5 3 , 8
INPUT XX
17.=0: N=0:  F=0
REPEAT
IF 17.< 10 GOTO 140 
N=N+F Ns p e e d  
F = F + V A L ( F N a n a l o g )
r/.=n+i
UNTIL 1 2 = 1 1 0
N= N/ (  ( I X - 1 1 ) * 3 . 8 ) : PRINT "N = " ; N ; "  RPM": REM s h a f t  s p e e d  i n  
F = F / < I 11)
Vi n = ( F*XX) / 4 0 0 0  
SOUND 1 , - 1 5 , 5 3 , 8  
T = ( 3 3 9 * V i n ) / 2 2 . 0 0 7 8 s  PRI NT "T 
N l = N / 6 0 i D = 0 . 25
P = 2 # P I # N 1 * T : P R I N T  "P = " ; P ;
N p = P / U 0 0 0 * ( N 1 A3 ) * ( D A5 ) ) : PR I NT "Np = " ;  Np 
R e = 1 0 0 0 * N l * ( D A2 ) / l E - 3 : P R I N T  "Re = " ; R e  : REM r e y n o l d s  n b r e  
END
= " ; T ; "  Nm" :REM t o r q u e  i n  Nm
W":REMpower  i n  w a t t s
: REM p o w e r  n b r e
DEF P R O C a s s e m b l e
V=&FCC0 : REM b a s e  a d d r e s s  f o r  VIA b o a r d
10B = V 
T 1C_L=V + 4 
T2C_L=V+8 
PCR=V+ 12








10A2 = V+ 17 





SR = V + 10 
: I ER=V+14
DDRB2=V+18 





ACR = V+11 
: I 0NA=V+15
DDRA2=V+19 
T 1 L_H2=V + 23  
ACR2=V+27 
I 0 NA 2 = V + 3 1
IRQ2V = ?<206 
o l  d v e c t = ? < 7 0  
n e w c o u n t  = ?<72 
n e wa n  a 1 og = S<76 
DIM XX 2 0 0  
REM c o d e  b l o c k  
FOR NX=0 TO 2 STEP 2
r  pm
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510  p >:=x */.
5 2 0  [ OPT N7.
5 3 0  . s e t u p  SEI  : LDA £&BF : STA DDRB2
5 4 0  STA 10B2 : LDA £&E0 : STA ACR2
5 5 0  LDA £8 : STA T1L_L2 : \  20  m i c r o s e c  c l o c k
5 6 0  LDA £0
5 7 0  STA T 1L_H2
5 8 0  STA T1C_H2 \  c o u n t e r  s t a r t s  now
5 9 0  LDA £&88 : STA PCR2
6 0 0  LDA £&7F : STA INFR2 : STA I ER2
6 1 0  J S R c h a n g e _ v e c t
6 2 0  LDA £&90 : STA IER2 \  e n a b l e  i n t e r r u p t s
6 3 0  CLI  : RTS
6 4 0
6 5 0  . c h a n g e _ v e c t
6 6 0  LDA IRQ2V : STA o l d v e c t
6 7 0  LDA IRQ2V+1 : STA o l d v e c t + 1
6 8 0  LDA £ ( i n t  i n MOD 2 5 6 )
6 9 0  STA IRQ2V
7 0 0  LDA £ < i n t i  n DIV 2 5 6 )
7 1 0  STA I R Q 2 V+ 1
7 2 0  RTS
7 3 0
7 4 0  . i n t i n  PHA : PHP
7 5 0  LDA I NFR2 : ROL A : LDA I 0 B2  : \  CLC : BCC i n t o u t
7 6 0  LDA T2C_L2 : STA n e w c o u n t  : LDA T2C_H2 : STA n e w c o u n t + 1
7 7 0  LDA £&FF : STA T2C_L2
7 8 0  STA T 2 C H 2  : STA n e w c o u n t + 2  \  t h i s  s h o u l d  c l e a r  t h e  t i m e r  - f l a g
7 9 0  LDA I 0 B 2  \  c l e a r  t h e  i n t e r r u p t
8 0 0
8 1 0  . i n t o u t  PLP : PLA : -CLI : JMP ( o l d v e c t )
8 2 0
8 3 0  . g e t s p e e d  SEI
8 4 0  LDA n e w c o u n t  : LDX n e w c o u n t + 1  ; LDY n e w c o u n t + 2  : PHA : LDA £0
8 5 0  STA n e w c o u n t + 2  : PLA
8 6 0  CLI  : RTS
8 7 0  1
8 8 0  NEXT
8 9 0  ENDPROC
9 0 0
9 1 0  DEF F N s p e e d
9 2 0  LOCAL S7. ,P7. ,R7.
9 3 0  REPEAT : R7.=USR ( g e t s p e e d ) : UNTIL (R7. AND & F F 0 0 0 0 ) = & F F 0 0 0 0
9 4 0  S 7. = ( R7. AND ScFFFF)
9 5 0  S 7. = R7. AND &FFFF
9 6 0  P X= 6 5 5 3 6 - S 7 .
9 7 0  = 1 6 0 0 0 0 0 / P 7 .
9 8 0  ENDPROC
9 9 0
1 0 0 0  DEF F N a n a l o g
1 0 1 0  P R O C s e t  ( r u n _ h o l  d7.) : REM s t a r t  c o n v e r s i o n
1 0 2 0  REPEAT : UNTIL (NOT F N r e a d y )  : REM w a i t  f o r  b e g i n n i n g  o f  c o n v e r s i o n
1 0 3 0  REPEAT : UNTIL F N r e a d y  : REM w a i t  f o r  e n d  o f  c o n v e r s i o n
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1 0 4 0  P R O C r e s e t  ( r u n h o l  d7.) : REM END c o n v e r s i o n  i ' r o n v e r t  on  d e m a n d )
1 0 5 0  = F N v a l u e
1 0 6 0  ENDPROC
1 0 7 0
1 0 8 0
1 0 9 0  DEF P RO Ck e y s  : REM t e s t  p u r p o s e s  o n l y  
1 1 0 0  * K E Y 0 P R 0 C p u l s e  ( r e s e t _ m e m _ p t r 7 . ,  1) ! M 
1 1 1 0  # KEYl PROCp u l  s e  ( i n c _ m e m _ p t r  7., 0)  !M 
1 1 2 0  * K E Y 2 P R 0 C p u l s e ( l o a d _ s r X , 1 ) !M 
1 1 3 0  * K E Y3 P . ? S R ! M 
1 1 4 0  ENDPROC 
1 1 5 0  
1 1 6 0
1 1 7 0  DEF P R O C s e t u p a n a l o g  
1 1 8 0
1 1 9 0  1 o a d _ s  r  7. = 0 
1200  r u n h o l  d ’/.=  1 
1 2 1 0  s t  a t  u s  7. = 2 
1220
1 2 3 0  ?DDRB=&FB : REM a l l  o u t p u t s  s a v e  2 ( e n d  o f  c o n v e r s i o n )
1 2 4 0  ? 10 B = 0 : REM ALL l ow
1 2 5 0  7ACR =?<C4 : REM s h i f t  i n  u n d e r  T2
1 2 6 0  ?T2C_L=*<4 : REM s a f e  s h i f t i n g  r a t e
1 2 7 0  ? T 1 L _ L = 8  : ? T1L_H=0  : ? T1C_H=0
1 2 8 0  ENDPROC
1 2 9 0
1 3 0 0
1 3 1 0
1 3 2 0
1 3 3 0  DEF P R 0 C p u l s e ( s i g Z , p o l 7 . )
1 3 4 0  IF p o l %=I P R O C p o s p u l  s e  ( s i  g7.) ELSE P R 0 C n e g p u l s e ( s i g 7 . )
1 3 5 0  ENDPROC
1 3 6 0
1 3 7 0
1 3 8 0  DEF P R O C p o s p u l  s e ( 5 i g 7.)
1 3 9 0  LOCAL Y7.
1 4 0 0  Y7.=2As i g 7 .
1 4 1 0  ? 10B=?  I OB OR Y7.
1 4 2 0  ? I 0 B  = ? I 0 B  AND NOT Y7.
1 4 3 0  ENDPROC
1 4 4 0
1 4 5 0
1 4 6 0  DEF P R O C n e g p u l  s e  ( s i  g7.)
1 4 7 0  LOCAL Y7.
1 4 8 0  Y7.=2As i g 7 .
1 4 9 0  ? I 0 B = ? I O B  AND NOT YX
1 5 0 0  ? I OB = ? I OB OR Y%
1 5 1 0  ENDPROC
1 5 2 0
1 5 3 0
1 5 4 0
1 5 5 0





































DEF F N v a l u e  
LOCAL X X , p o l *
P R Q C p u l s e ( l o a d _ s r X ,  1)
X'/. = ?SR : REM d i s c a r d  f i r s t  o n e
? n e w a n a l  og = ?SR : XX=?SR : n e w a n a 1 o g ? 1 = ( XX AND &0F)
I F (XX AND & 4 0 ) =0 THEN p o l * = H+" ELSE p o l * = H- "
I F  (XX AND & 8 0 ) <  > 0 THEN = " o v e r r u n "  ELSE = ( p o l $  + S T R $ ( ! n e w a n a l o g  AND & F F F ) ) 
ENDPROC
DEF F N r e a d y  : REM i s  c o n v e r s i o n  o v e r ?
I F  ( ? I OB AND 2 As t a t u s X )  0 4  THEN =TRUE ELSE =FALSE 
ENDPROC
DEF P R O C s e t ( s i g X )
LOCAL YX 
YX=2As i  gX 
? I O B = ? I O B  OR YX 
ENDPROC
DEF P R O C r e s e t ( s i g X )
LOCAL YX 
Y X = 2 A s  i g X




FOR NX=0 TO PX : ? I 0 B 2 = 2  : ? I 0 B 2 = 0  : NEXT 
ENDPROC
DEF P ROCd o wn ( P X)
LOCAL NX
FOR NX=0 TO PX : ? I 0 B 2 = 1  : ? I 0 B 2 = 0  : NEXT 
ENDPROC
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B2 Programme for  bubble size measurement 
B2.1 Description o f principal routines
1. PROCasscmblc: assembles machine code routines concerned w ith 
bubble sampling (lines 2910-3820).
2. PROCsetup: sets up the VIA to enable il to com m unicate w ith  the 
event logger. Also, initialises the memory array  and o ther variables.
3. incp: machine code routine which obtains the next recorded event 
from  the logger m em ory and presents it in a form  easily accessible by 
the Basic programme. A fter  invoking incp, the integer variable T% 
contains the event time, and, R% and S% contain polarity  inform ation 
(see section 4.4.2) for channels 1 and 2 respectively. In addition, incp 
increm ents the m em ory pointer (P%) by one each tim e it is invoked.
4. FNfull: checks if m em ory is full.
5. PROCpulse (s to p -b u b % ,l): tu rn s  off sampling process.
6. PROCpulse ( re s t-m e m -p tr% ,l): resets m em ory pointer to position
zero.
B 2 . 2  S o u r c e  code
320
10 PRINT "INPUT D/T RAT 1 0 : " : INPUT DDD
20  PRI NT "INPUT IMPELLER SPEED IN RPM INPUT N
30 PR I NT" INPUT GAS-FLOW RATE IN L / h I N  : " : I N P U T  Q
40  PRINT “ INPUT POSI TI ON N b r e  INPUT POSI TI ON 
50  VDU2
6 0  PRINT " D/ T  = " ; DDD; TAB( 0 ) ; "N = " ; N ; "  RPM"
70  PRINT "Q = " ; Q * 1E - 3 / 6 0 ; "  M3/ SEC.
80  PRI NT "POSI TI ON " ;  P OS I TI ON;  TAB ( 0 ) ; " ___________ "
9 0  P R I NT r P R I N T
1 00  VDU3
1 10  P R O C s e t u p
1 20  P R O C p u l s e  ( s t a r t _ b u b X  , 1)
1 30  REPEAT : UNTIL F N f u l l
140  P R 0 C p u l s e ( r e s e t _ m e m _ p t r 7 .  , 1 )
150
160 SOUND 1 , - 1 5 , 5 3 , 8
170  PRINT "MEMORY FULL"
180 PRINT "INPUT MEMORY S I Z E : " :  INPUT MEM*/.
190  <§X=S<20509
2 0 0  DIM AX ( 1 4 5 0 )  , B7 . ( 1 4 5 0 )  , XX<2)  f YX(2)
2 1 0  J X = 0 : L X = 0 : W X = 3 0 0 : G I X = 2 0 0 : G 2 X  = 4 0 0 : P X = 0 : I X  = - 1
2 2 0  K X = - 1 : H I X = - 1 : H 2 X= - 1 : ST0REW1X=0:ST0REW2X=0 
2 3 0  P R O C p u l s e  ( i n c _ me m p t r X , 0 )
2 4 0  REPEAT
2 5 0  CALL i n c p
2 6 0  UNTIL RX =1
2 7 0
2 8 0  REPEAT
2 9 0  REPEAT 
3 0 0  REPEAT
3 1 0  I F PX=MEMX-3 GOTO 5 7 0
3 2 0  I F RXOO THEN IX = IX +1 : XX ( I X) = T X
3 3 0  IF S 7 . O 0  THEN KX=KX+1 : YX(KX)=TX
3 4 0  I F  LX=0 THEN I F SX=2 AND KX=0 THEN KX=-1
3 5 0  CALL i n c p
3 6 0  UNTIL IX=2 OR KX=2
3 7 0  CX=XX( 2 ) - X X ( 1)
3 8 0  DX=YX( 2 ) - Y X ( 1)
3 9 0  I F XX ( 2 ) 0 0  AND CX<WX STOREW17.=ST0REW 1X+CX
4 0 0  I F YX( 2 ) < > 0  AND DX<WX ST0REW2X = ST0REW2X + D7.
4 1 0  S 1X = X X ( 1)  :S27.  = X7.(2)  : R 1 X=YX ( 1)  :R2X=YX<2)
4 2 0  I F  I7.=2 THEN 17.=0:  XX ( 1 )  =0 :  XX ( 2 )  =0
4 3 0  IF KX=2 THEN K7.=0: YX ( 1 )  =0 :  YX ( 2 )  =0
4 40 UNTIL CX>-WX OR DX>=W7.
4 5 0  UX = X7. ( 0 )  : V7.=YX ( 0)
4 60  E7. = S17.-U7.
4 7 0  FX=R1X-VX
4 8 0  I F CX> = WX XX ( 0 )  =S27.
4 9 0  IF DX>=W7. YX ( 0 )  =R2X
5 0 0  UNTIL EX>=617. OR FX> = G1X
321
5 1 0  I F C7.> = W7. AND EX>=G1X THEN A7. (JX)=UX :
5 2 0  A7. ( J 7.+ 1) =S 17.: J 7. = J7. + 2 : H17.=H 17.+1 : X 7. ( 2 )  =0 :  X7. < i ) =0 :  17.=0
5 3 0  I F D7.)=W7. AND F7.) = G17. THEN B7.(L7.)=V7.
5 4 0  B 7. < L 7. +1)  = RI 7.: L 7. = L 7. + 2 :  H 2 7.=H 2 7. + i : YX ( 2 )  = 0 :  Y 7. < I ) = 0 :  K 7.=0
5 5 0  I F  J 7.> = 1 4 5 0  OR LX>=1450  GOTO 5 7 0
5 6 0  GOTO 2 8 0
5 7 0  ENDA7. = J 7.-1 : ENDB7.=LX-1
5 8 0  17. =0: J 7 . = 0 : L7.=0s S 1 =0 :  S 2 = 0 : 8 3 = 0 :  6 A S = 0 : Tg7. =0: s TB7 . =0 : T6=0
5 9 0  A17. = 0 :  A 2 7. = 0 :  A 3 7.=0: A 4 7. = 0 :  A 5 7. = 0 :  A 6 7.=0: A 7 7.=0
6 0 0  A87. =0: A97.=0:  A107.=0:  A 1 17.=0; A127. =0: A137 . =0 : A147.=0
6 1 0  A157. = 0 : A1 67. =0: A1 77. = 0 : A187. =0: A1 97. = 0 : A207. = 0
6 2 0  A 2 17. =0: A227. =0: A237. = 0 : A2 4 X=0 : A257. =0: A267. = 0:  A27X=0
6 3 0  A 2 8 7. = 0 :  A 2 9 7.=0: A 3 0 7.=0: A 317.=0
6 4 0  REPEAT
6 5 0  TB1 1 7.=A7. ( J 7.+1) -A7. ( J 7.)
6 6 0  T B 21 7. = B 7. ( L 7. +1)  -  B 7. < L 7.)
6 7 0  X7. = A7. ( J7. ) : YX=BX(L%)
6 8 0  R = 0 . 0 4
6 9 0  E = ABS( <TB117. - TB217. ) / TB117. )
7 0 0  IF TB 1 1 X< = 1 0 0 0  AND TB217.< = 10 0 0  THEN R = 0 . 1 0
7 1 0  IF E O R  THEN GOTO 940
7 2 0  IF J7. + 3>ENDA7. OR L7. + 3>ENDB7. THEN GOTO 1110
7 3 0  TB127.=A7. (J% + 3) -A7.  (J7.  + 2)
7 4 0  TB227.  = BX(L7. + 3) -B7.  (LX+2)
7 5 0  E = A B S ( ( T B 1 2 X - T B 2 2 X ) / T B 1 2 X )
7 6 0  I F  E O R  THEN TB 1 1 7.=TB 127.: TB2 17. = TB227.
7 7 0  J X= J X+ 2 : LX= LX+ 2 s  GOTO 9 4 0
7 8 0  E = ABS( (TB127. - TB217. ) / TB1 2 7 . )
7 9 0  I F  E O R  TB11X=TB 127.:  JX = J X + 2 :  GOTO 9 4 0
8 0 0  E = ABS( < TB11 X- T B 2 2 X) / T B 1 1 X)
8 1 0  I F E O R  TB217.=TB227. :  L7.=L7.+2: GOTO 9 4 0
8 2 0  IF TB11X< TB2 17. GOTO 8 4 0  ELSE GOTO 8 9 0
8 3 0
8 4 0  H7. = J7.+3
8 5 0  TB1 17.=AX(HX)-XX
8 6 0  E=ABS(  ( TB117 . - TB217 . ) / TB117 . )
8 7 0  IF E O R  THEN J 7 . =H7 . - l : DT7.=Y7.-X7.: GOTO 9 5 0
8 8 0  ELSE I F  TB117.<TB217.  THEN H7.=H%+2: GOTO 850
8 9 0  HX=L7.+3
9 0 0  T B 2 1 7. = B7. (H7.) -YX
9 1 0  E=ABS< < T B i I X —T B 2 1 X ) / T B 1 I X )
9 2 0  I F E O R  THEN LX = H X - 1 : DTX = YX-XX: GOTO 9 5 0
9 3 0  ELSE IF TB21X<TB11X THEN H7. = HX + 2 : GOTO 900
9 4 0  DTX=BX( LX) - AX( JX)
9 5 0  Ub=X/DTX
9 6 0  m= U5 - Ub / Us
9 7 0  I F  DT7.<=0 OR TB11X<=0 THEN sTB7. = sTBX + TB 1 1 X
9 8 0  JX=J X+2 : LX=LX+2: GOTO 1080
9 9 0  r  = T B 1 1 X/ D T X
1 0 0 0  Vb= 0 . 0 0 1 4 7 0 4 8 * ( r 3)
1 0 1 0  D b = ( 6 * V b / P I ) A < 1 / 3 )
1 0 2 0  S 1 = S 1 +Db
1 0 3 0  S2 = S2 + Db/' 2
1 0 4 0  S 3 = S 3 + D b A3
1 0 5 0  GAS=GAS+Vb : REM t o t a l  g a s  v o l u m e
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1 0 6 0  PROCc1 a s s ( Db )
10 70 17. = 17. + 1 : J I  -  J  7.+2:  L 7.=1 7.+2
1 0 8 0  UNTIL J7. + 4 >ENDA7. OR L7. + 4>ENDB7.
1 0 9 0  REM p r i n t i n g  r e s u l t s  
1 100 VDU2
1 1 1 0  NBX = 17. : PR1NT"NB = " ; N B7.
1 120 0 10=S  1 /  NB7. : PR I NT “ DIO = ";  D10;  " mm" : REM MEAN DIAM. mm
1 1 3 0  B32 = S 3 / 5 2  : P R I N T " S 3  = " ; S 3 ; TAB( 0 ) ; " S 2  = " ; S 2
1 1 4 0  PRI NT 9 D32 = " ; D 3 2 ; “ mm" : REM SAUTER DIAM. mm
1 1 5 0  Tg7. = Tg7.-STQREW 17. : PRI NT"SW1 = " ;  STOREW17.* 1E- - 2; " mSEC. "
1 1 6 0  PRINT "Tg = 9 ; Tg7.* 1E - 5 ;  " S E C . M: REM TOTAL GAS TIME SEC.
1 1 7 0  T7. = A7 (ENDA7.) -A7. ( 0 )  - s T B 7 . : PRINT " sTB = " ; s T B 7 . * l E - 5
1 1 8 0  PRI NT 9 T = 9 ; T7.* 1 E - 5 ; 9 S E C . "  : REM TOTAL SAMPLING TIME
1 1 9 0  PRINT "GAS = " ; G A S ; "  mm3"
12 0 0  S = SQR< ( S 2 - ( S 1 A2 ) / N B 7 . ) / ( N B 7 . - 1 )  ) : P R I N T " S  = " ;  S
1 2 1 0  CV = S / D 10 : PRI NT" CV = " ; CV
1 2 2 0  P R I N T : P R I N T T A B < 1 5 ) ; 9N b r e  f r a c t i o n "
1 2 3 0  PRINTTAB ( 2 )  " 0 .  1 " ;  : P R O C s t a r  ( 100*A17. /NB7. )
1 2 4 0  P R O C s t a r  U  00*A27. / NB7. )
1 2 5 0  P R O C s t a r  <100*A37. /NB7. )
1 2 6 0  P R O C s t a r  <100*A47. /NB7. )
1 2 7 0  P R O C s t a r  ( 1 0 0 * A57./NB7.)
1 2 8 0  PRINTTAB ( 2 )  " 1 . 1 " ;  : P R O C s t a r  ( 100*A67. /NB7. )
1 2 9 0  P R O C s t a r  <100*A77. /NB7. )
13 0 0  P R O C s t a r  < 100*A87. / NB7. )
1 3 1 0  P R O C s t a r  ( 1 00*A97. / NB7. )
1 3 2 0  P R O C s t a r  ( 100*A107. / NB%)
1 3 3 0  PRINTTAB ( 2 )  " 2 .  1 " ;  : P R O C s t a r  ( 100*A117. /NB7. )
1 3 4 0  P R O C s t a r  ( 100*A 127. /NB7. )
13 5 0  P R O C s t a r  ( 1 0  0 * A13 7. /  N B 7.)
1 3 6 0  P R O C s t a r  ( 1 00*A 147. /NB7. )
1 3 7 0  P R O C s t a r  < 100*A157. /NB7. )
1 3 8 0  PRINTTAB ( 2 )  " 3 .  1" j : P ROCs t  a r  ( 1 00*A 167. /NB7. )
1 3 9 0  P R O C s t a r  ( 1 00*A 1 77. /NB7. )
1 4 0 0  P R O C s t a r  <100*A 187. /NB7. )
1 4 1 0  P R O C s t a r  <100*A197. /NB7. )
1 4 2 0  P R O C s t a r  ( 1 00*A207. /NB7. )
1 4 3 0  PRINTTAB ( 2 )  " 4 .  1 " ;  : P R O C s t a r  ( 1 0 0 * A 2 17 . / NB7.)
1 4 4 0  P R O C s t a r  ( 100*A227. / NB7. )
1 4 5 0  P R O C s t a r  ( 1 00*A237. / NB7. )
1 4 6 0  P R O C s t a r  ( 1 00*A247. / NB7. )
14 7 0  P R O C s t a r  ( 100*A257. /NB7. )
1 4 8 0  PRINTTAB ( 2 )  " 5 .  1 " ;  : P R O C s t a r  ( 100*A267. /NB7. )
14 9 0  P R O C s t a r  ( 100*A277. /NB7. )
15 0 0  P R O C s t a r  < 1 0 0 * A 2 8 7. /NB7.)
15 1 0  P R O C s t a r  < 100#A297. /NB7. )
1 5 2 0  P R O C s t a r  < 100*A307. /NB7. )
15 3 0  PRINTTAB ( 2 )  " 6 . 1" ; :  P R O C s t a r  ( 100*A317. / NB7. )
15 4 0  PRINTTAB < 4 ) ; HD(mm) "
15 5 0  PRINT : PR I NT : PRI NT" END OF R U N " : P R I N T " -------------------- P R I NT : P R I N T : P R I N T
1 5 6 0  @7.= 10 
1 5 7 0  VDU3 
1 5 8 0  END
1 5 9 0  DEF PROCc1 a s s  ( X)






















1 8 2 0




















2 0 3 0
2 0 4 0
2 0 5 0
2 0 6 0
2 0 7 0
2 0 8 0
2 0 9 0
2100
2 1 1 0
2120
2 1 3 0
2 1 4 0
2 1 5 0
F X > 0 .  2 AND X < = 0 . 4 A 2 7. = A 2  7. + 1
F X>0.  4 AND X < = 0 .  6 A37.=A37.+ 1
F X > 0 . 6 AND X<=0 . 8 A47. = A47.+ 1
F X > 0 . 8 AND X < = 1 . 0 A57.=A57.+ 1
F X > 1.  0 AND X < = 1 .  2 A 6 7. = A 6 7. +1
F X > 1 .  2 AND X < = 1 . 4 A77.=A77.+ l
F X > 1 .  4 AND X < = 1 . 6 A 8 7. = A 8 X +1
F X > 1 .  6 AND X < = 1 .  8 A97.=A97.+ 1
F X > 1 .  8 AND X II KJ O A107. = A107.+
F X > 2 . 0 AND X< = 2 . 2 A117.=A1 17.+
F X > 2 . 2 AND X < = 2 . 4 A12 7. = A12 7. +
F X >2.  4 AND X < ~ 2 . 6 A13 7. = A13 7. +
F X > 2 .  6 AND X<=2 . 8 A14 7. = A14 7. +
F X > 2 . 8 AND X < = 3 . 0 A157. = A 157.+
F X > 3 . 0 AND X < = 3 .  2 A16 7. =  A16 7. +
F X > 3 .  2 AND X< = 3 . 4 A177.=A177.+
F X >3.  4 AND X < = 3 . 6 A18 7. = A18 7. +
F X > 3 .  6 AND X< = 3 . 8 A197.=A 197.+
F X >3.  8 AND X < = 4.  0 A207.=A207.+
F X > 4 .  0 AND X< = 4 . 2 A 2 1 X=A21 7.+





A 2 2 7. =  A 2  2 7. +
F X > 4 .  4 AND X A 11 -P* O- A237. =  A237.+
F X > 4 . 6 AND X< = 4 . 8 A 2 4 7. = A 2 4 7. +
F X > 4 . 8 AND X < = 5 . 0 A257.=A257.+
F X > 5 . 0 AND X < = 5 . 2 A267.=A267.+
F X >5 .  2 AND 1 0 5 . 4 A27X = A277.+
F X > 5 . 4 AND X < = 5 . 6 A28X = A2B7.+
F X >5.  6 AND X< = 5 . 8 A29X=A297.+
F X>5.  8 AND X < = 6 . 0 A307. = A307.+
F X >6 . 0 A317. = A 3 17.+1
ENDPROC
DEF P R O C s t a r ( Q )
R*/.=Q
IF Q=0 GOTO 1990  
PRINT TAB( 5 ) ; "  " ;
REPEAT PRINT "*"5 
UNTIL C0UNT = R‘/. + 7 
PRINT ; TAB( 4 0 ) Q / 1 0 0 : GOTO 2 0 0 0  
PRINT 
ENDPROC
DEF PROCke ys  : REM t e s t  p u r p o s e s  o n l y
♦ KEYOPROCpul  s e  ( r e s e t m e m p t r X  , 1 )  !M
* K E Y l P R 0 C p u l s e ( i n c _ m e m _ p t r 7 .  , 0 ) ! M
* K E Y 2 P R G C p u l s e ( l o a d _ s r X , l ) 1 M
*KEY3P. ? SR! M
ENDPROC
DEF P R O C s e t u p
DDRB=&FE62
I 0B=&FE60





TIL H = ?* F E 6 7
3 2 4
2 1 6 0  T 1 C H = & F E 6 5  
2 1 7 0  s  t  a r t  b u b 7. = 0 
2 1 8 0  i n c  me m_pt r 7 . =  l 
2 1 9 0  r e s e t  m e m p t r X  = 2 
2 2 0 0  r e s e t  t i m  s a m p l e r 7 .  = 3 
2 2 1 0  l o a d _ s r 7 . = 5  
2 2 2 0  s t o p  bub7. =6 
2 2 3 0  f u l l _ u p 7 .  = 7
2 2 4 0  ?DDRB = 8<7F : REM a l l  o u t p u t s  s a v e  7 ( b u f f e r  f u l l )
2 2 5 0  ? 10 B = 2 : REM ALL low
2 2 6 0  ?ACR =8(04 : REM s h i f t  i n  u n d e r  T2 
2 2 7 0  ? T2L = S<4 : REM s a f e  s h i f t i n g  r a t e
2 2 8 0  P R 0 C p u l s e ( s t o p _ b u b 7 .  , 1 )
2 2 9 0  PROCpul  s e ( r e s e t _ m e m _ p t r 7 .  , 1 )
2 3 0 0  P R O C p u l s e ( r e s e t _ t i m  s a m p l e r 7. , 1 )
2 3 1 0  P R O C a s s e m b 1e 
2 3 2 0  ENDPROC
2 3 3 0  DEF P R O C p u l s e  ( s i  g X , p o l  7.)
2 3 4 0  I F  po l 7 . =  l P ROCp o s p u l  s e  ( s i  g7. ) ELSE P ROCn e g p u l  s e  ( s i  g7.)
2 3 5 0  ENDPROC
2 3 6 0  DEF P R O C p o s p u l  s e  ( s i  g 7.)
2 3 7 0  LOCAL Y7.
2 3 8 0  Y7.=2As i g 7 .
2 3 9 0  ?  10B = ? I OB OR Y7.
2 4 0 0  ? 10B = ? I OB AND NOT Y7.
2 4 1 0  ENDPROC
2 4 2 0  DEF P ROCn e g p u l  s e  ( s i  g7.)
2 4 3 0  LOCAL Y7.
2 4 4 0  Y7.=2As i g 7 .
2 4 5 0  ? 10B = ? I OB AND NOT Y7.
2 4 6 0  ? 10B = ? I OB OR Y7.
2 4 7 0  ENDPROC 
2 4 8 0  DEF F N c h a n n e l 2 
2 4 9 0  LOCAL X7.
2 5 0 0  P R O C p u l s e d o a d s r X  , 1 )
2 5 1 0  X7.=?SR : REM d i s c a r d  f i r s t  o n e
2 5 2 0  X7.=?SR : IF (X7. AND &80)  =0 THEN ELSE IF (X7. AND 8(40) =0 THEN = ELSE ="
2 5 3 0  ENDPROC
2 5 4 0  DEF F N c h a n n e l  1
2 5 5 0  LOCAL X7.
2 5 6 0  PROCpul  s e  (1 o a d  s r X , l )
2 5 7 0  X7. = ?SR
2 5 8 0  X7.=?SR : I F (X7. AND 8(20) =0 THEN = " "  ELSE I F (X7. AND 8(10) =0 THEN ELSE ="
2 5 9 0  ENDPROC
2 6 0 0  DEF F N r e a d  t i m e
2 6 1 0  LOCAL X7.
2 6 2 0  P R 0 C p u l s e ( l o a d _ s r 7 . , 1)
2 6 3 0  X7.=?SR : REM d i s c a r d  f i r s t  o n e
2 6 4 0  ?fe73= ( ?SR AND 8<F) : ?8(72 = ?SR : ?8(71 = ?SR : ? &70=? SR 
2 6 5 0  =!& 7 0
2 6 6 0  ENDPROC
2 6 7 0  DEF F N f u l l  : REM i s  b u f f e r  memor y  f u l l ?
2 6 8 0  IF ( ?  I OB AND 2 Af u l l  up7.)  <>0 THEN =TRUE ELSE =FALSE
2 6 9 0  ENDPROC
2 7 0 0  DEF P R O C a s s e m b l e
32 5
2 7 1 0 DIM c o d e  3 0 0
2 7 2 0 LOCAL N , P 7.
2 7 3 0 FOR N'/. = 0 TO 2 STEP 2
2 7 4 0 P ’/ . = c o d e
2 7 5 0 C OPT NX
2 7 6 0 . i n c p  LDX £0
2 7 7 0 LDA £1
2 7 8 0 CLC : ADC S 4 4 0  : STA Sc 4 4 0
2 7 9 0 TXA : ADC &441 : STA Sc 4 41
2 8 0 0 TXA : ADC *<442 j STA *<442
2 8 1 0 TXA : ADC &443 : STA ?■< 4 4 3
2 8 2 0 \  i n c r e m e n t  me mor y  p o i n t e r
2 8 3 0 \  b i t  1 , n e g a t i v e  p u l s e
2 8 4 0 LDA &FE60
2 8 5 0 TAX
2 8 6 0 AND £ 2 5 3  \ d r o p  b i t  1
2 8 7 0 STA &FE60
2 8 8 0 TXA
28 90 ORA £2  \  b i t  1 b a c k
2 9 0 0 STA &FE60
2 9 1 0
2 9 2 0 \  l o a d  s h i f t  r e g i s t e r
2 9 3 0 \  b i t  5 ,  p o s i t i v e  p u l s e
2 9 4 0
2 9 5 0 LDA f tFE60
2 9 6 0 TAX
2 9 7 0 ORA £ 3 2  \  b i t  5 up
2 9 8 0 STA &FE60
2 9 9 0 TXA
3 0 0 0 AND £ 2 2 3  \  d r o p  b i t  5
3 0 1 0 STA &FE60
3 0 2 0
3 0 3 0 \  r e a d  t h e  t i m e  i n t o T*/.
3 0 4 0
3 0 5 0 LDA &FE6 A \  s h i f t  r e g i s t e
3 0 6 0 J SR w a i t f l a g
3 0 7 0 LDA &FE6 A
3 0 8 0 TAX
3 0 9 0 AND £ 1 5
3 1 0 0 STA &453
3 1 1 0 JSR w a i t f l a g
3 1 2 0 LDA S FE6 A : STA *<452 : JSR
3 1 3 0 LDA &FE6A : STA &451 : JSR
3 1 4 0 LDA &FE6 A : STA *<450
3 1 5 0 \  s e t  R'/. a nd  S ’/, t o  z e r o
3 1 6 0 LDY £8
3 1 7 0 LDA £0
3 1 8 0 . a g a i n  STA !<447 ,Y
3 1 9 0 DEY : BNE a g a i n
3 2 0 0 \  s o r t  o u t  c h a n n e l  I
3 2 1 0 TXA
3 2 2 0 AND £ St 2 0
3 2 3 0 BEG r i s z e r o
3 2 4 0 TXA
3 2 5 0 AND £St 10
3 2 5 0
3 2 6 0
3 2 7 0
3280
3 2 9 0
3 3 0 0
3 3 1 0
3 3 2 0
3 3 3 0
3 3 4 0
3 3 5 0
3 3 6 0
3 3 7 0
3 3 8 0
3 3 9 0
3 4 0 0
3 4 1 0
3 4 2 0
3 4 3 0
3 4 4 0
3 4 5 0
3 4 6 0
3 4 7 0
3 4 8 0
3 4 9 0
3 5 0 0
3 5 1 0
32 6
AND £ ?< 1 0
BEQ r i s t w o
LDA £1
BNE r i s z e r o
. r i s t w o  LDA £2
. r i s z e r o  STA &448
\  a n d  f o r  S*/.
TXA
AND £&80 
BEQ s i s z e r o  
TXA
AND £&40
BEQ s i s t w o
LDA £1
BNE s i s z e r o
. s i s t w o  LDA £2
. s i s z e r o  STA &44C
\  now b a c k  t o  b a s i c  
RTS
• w a i t f l a g  LDA &FE6 B \  i f r  r e g .  13
AND £?<4


























































P r n p r a m m f i  f o r  l o c a l  y a .s  h o l d u p  m e a s u r e m e n t
PRINT "INPUT Q " : I N P U T  QQ 
PRINT “ INPUT RPM" : I NPUT NN 
PRINT "INPUT P O S I T I O N " :  INPUT POSITION 
VDU2 
P R I NT : P R I N T  
PR I NT"Q = " ; QQ*1E —3 / 6 0 ; "  M3/ S"
PR I NT"N = " ;  N N ; " RPM"
PR I NT" P OS I TI  ON = “ ; P O S I T I O N ; T A B I O ) ; " _________ "
PRI NT:  PRINT 
VDU3
P R O C s e t u p
PROCpul  s e  ( s t a r t _ b u b 7 . ,  1) : REM c o mme n c e  s a m p l i n g  p r o c e s s  
REPEAT : UNTIL F N f u l l  : REM w a i t  f o r  me mor y  t o  f i l l  
P R O C p u l s e ( r e s e t _ m e m _ p t r X , 1)
REM r e s e t s  me mor y  p o i n t e r  t o  p o s i t i o n  z e r o  
SOUND 1 , - 1 5 , 5 3 , 5  
PRINT "MEMORY FULL"
MEM7.= 1024  
@*=*(20409 
DIM XX ( 2 )
S 1 = 0 :  S 2 = 0 :  A17. = 0 .  a 2 7.=0:  A 3 7.=0: A 4 * = 0 :  A 5 7.=0:  A 6 */. = 0 
A77. =0: A87. = 0:  A97.=0:  A107 . =0: A117. = 0: A127 . =0 : A137.=0 
A1 47. =0: A157.=0:  A167 . =0 : A177 . =0 : A1 87. =0: A1 97 . =0 : A207.=0 
A 2 17. =0: A227. =0: A237 . =0 : A247 . =0 : A257. =0: A267. = 0 : A277.=0 
A287. = 0 :  A297.=0:  A307. = 0 :  A317.=0:  A327. = 0 :  A337. = 0
P7. = 0 : 1 7. = - 1 :  HI 7 . =0: Tg7. = 0
P R 0 C p u l s e ( i n c _ m e m _ p t r 7 .  , 0 )
REM i n c r e m e n t s  m e m . p o i n t e r  p o s i t i o n  f r o m  0 t o  I
REPEAT :REM i d e n t i f i e s  1 s t  l i q . t o g a s  t r a n s i t i o n  on c h i  
CALL i n c p  
UNTIL R7.=2 
T 0 7. = T X
REPEAT
IF P7.7MEM7.-2 GOTO 5 2 0  
REM s t o p s  a q u i r i n g  d a t a  when e nd  o f  me mor y  
REM r e a c h e d , a n d  p r o c e e d s  f u r t h e r  
IF R7 . O0  THEN I7.= I7.+ 1 : X7. (17.) =T7.
REM c h e c k s  f o r  c h a n g e  on c h i  a nd  r e a d s  t i m e  v a l u e  
CALL i n c p
UNTIL I7.= l :REM 2 t i m e  v a l u e s  m u s t  b e  r e t r i e v e d  f r o m  
me mor y  on e i t h e r  c h a n n e l  b e f o r e  p r o c e e d i n g  f u r t h e r  
1 7. = X 7. ( 1 )  -  X * ( 0)
H17.=H 17.+1: Tg7. = Tg7. + t 7.: T 17.=X7. < 1) : I ! .  =  -1
GOTO 39 0  : REM s e a r c h  f o r  n e x t  b u b b l e
32 8
5 1 0 REM p r i n t i n g  r e s u l t s
5 2 0 VDU2
5 3 0 N B 7. = H1'/. : P RIN T" N B = ";NB7.
5 4 0 T g '/. = T g 7.: P RIN T " T g = " ;  T g 7 . * l E - 5 ; " S E C . " :  REM TOTAL GAS TIME SEC.
5 5 0 T 7. = T 17. -  T 0 7.: P RIN T " T = " ;  T 7. * 1E -  5;  “ S E C . "  : REM TOTAL SAMPLING TIME
5 6 0 T L 7. = T 7. -  T g 7. : P RI NT" TL = " j T L 7 . * l E - 5 ;  " S E C . "  : REM TOTAL LIQUI D TIME
5 7 0 Hp =Tg7.7T7. : PRI NT"Hp = M; Hp
5B0 N f = N B 7. /  T 7. * 1E 5 : PRI NT "Nf = " ;  N f : REM f r e q u e n c y  o f  b u b b l e  a r r i v a l
5 9 0 Tm = Tg7.* 1E-2/ NB7.
6 0 0 PRI NT "Tm = " ; Tffl; "  mSEC. " : REM MEAN GAS TIME IN mSEC.
6 1 0 PRI NT : PR I NT : PRINT"END OF R U N " : P R I N T “ -------------------- "
6 2 0 VDU3
6 3 0 @7.= 10
6 4 0 VDU3
6 5 0 SOUND 1 , - 1 5 , 5 3 , 1 0
6 6 0 END
6 7 0
6 8 0
6 9 0 DEF P ROCke ys  : REM t e s t  p u r p o s e s  o n l y
7 0 0 * K E Y 0 P R Q C p u l s e ( r e s e t _ m e m _ p t r 7 . , I )  !M
7 1 0 * K E Y 1 P R O C p u l s e ( i n c  m e m _ p t r 7 . , 0 )  !M
7 2 0 * K E Y 2 P R 0 C p u l s e ( l o a d _ s r 7 . , 1) !M
7 3 0 * KEY3 P . ? S R ! M
7 4 0 ENDPROC
7 5 0
7 6 0
7 7 0 DEF P R O C s e t u p
7 8 0 DDRB=&FE62
7 9 0 I 0B=&FE60
8 0 0 SR = «tFE6 A
8 1 0 ACR = ?<FE6 B
8 2 0 PCR = «<FE6 C
8 3 0 T2L=&FE6B
8 4 0 T 1 L_L = &FE66
8 5 0 T1L_H=&FE67
8 6 0 T1C_H=S<FE65
8 7 0
8 B0 s t a r t _ b u b 7 .  = 0
8 9 0 i n c _ m e m _ p t r 7 .  = l
9 0 0 r e s e t _ m e m _ p t r 7 .  = 2
9 1 0 r e s e t _ t i m _ s a ( n p l e r 7 .  = 3
9 2 0 1 o a d _ s r X = 5
9 3 0 s t o p  bub7. =6
9 4 0 f u l l  ~up7.=7
9 5 0
9 6 0
9 7 0 ?DDRB = ?<7F : REM a l l  o u t p u t s  s a v e  7 ( b u f f e r  f u l l )
9 8 0 ? IQB=2 : REM ALL l ow
9 9 0 ?ACR =&04 : REM s h i f t  i n  u n d e r  T2
1000 ?T2L=&4 : REM s a f e  s h i f t i n g  r a t e
1010 P R 0 C p u l s e ( s t o p _ b u b 7 .  , 1 )
1020 PROCpul  5e ( r e s e t  _ m e m _ p t r 7., 1)
1 0 3 0 P R 0 C p u l s e ( r e s e t _ t i m s a m p l e r 7 .  , 1 )
10 4 0 P R O C a s s e m b 1 e




1 0 8 0
1 0 9 0  DEF P R O C p u l s e ( s i g X , p o l X )
1 1 0 0  IF po  1 7- = 1 P R O C p o s p u l s e ( s i g X ) ELSE PROCne gpu l  s e  ( s i  g'/.)
1 1 1 0  ENDPROC 
1 120
1 130
1 1 4 0  DEF P ROCp o s p u l  s e  ( s i  g' /.)
1 1 5 0  LOCAL Y7.
1 1 6 0  YX=2As i g X  
1 1 7 0  ? I 0 B = ? I 0 B  OR YX 
1 1 8 0  ? I 0 B = ? I Q B  AND NOT YX 
1 1 9 0  ENDPROC 
1200 
1210
1 2 2 0  DEF P R O C n e g p u l s e ( s i g X )
1 2 3 0  LOCAL YX
1 2 4 0  YX = 2 As i  gX
1 2 5 0  ? 10B=? I  OB AND NOT YX
1 2 6 0  ? I 0 B = ? I O B  OR YX
1 2 7 0  ENDPROC
1 2 8 0
1 290
1 3 0 0
1 3 1 0
1 3 2 0  DEF F N c h a n n e l 2
1 3 3 0  LOCAL XX
1 3 4 0  P R O C p u l s e ( 1 o a d _ s r X , 1 )
1 3 5 0  X7.=?SR : REM d i s c a r d  f i r s t  o n e
1 3 6 0  XX=?SR : IF (XX AND ?<80) =0 THEN = " "  ELSE IF (XX AND &40) =0 THEN = ELSE ="
1 3 7 0  ENDPROC
1 3 8 0
1 3 9 0
1 4 0 0  DEF F N c h a n n e l 1
1 4 1 0  LOCAL XX
1 4 2 0  P R O C p u l s e d o a d s r X ,  1)
1 4 3 0  X7.=?SR
1 4 4 0  XX=?SR : IF (XX AND &20)  =0 THEN = " "  ELSE IF (XX AND & 10)  =0 THEN ELSE ="
1 4 5 0  ENDPROC
1 4 6 0
1 4 7 0
1 4 8 0  DEF F N r e a d t i m e
1 4 9 0  LOCAL XX
1 5 0 0  P R O C p u l s e ( 1 o a d _ s r X , 1 )
1 5 1 0  XX=?SR : REM d i s c a r d  f i r s t  o n e
1 5 2 0  ?&73= ( ?SR AND &F) : ? &72=?SR : ?&71=? SR : ?&70=?SR
1 5 3 0  =! «c70
1 5 4 0  ENDPROC
15 5 0
1 5 6 0
1 5 7 0  DEF F N f u l l  : REM i s  b u f f e r  memor y  f u l l ?
15 8 0  IF ( ?  I OB AND 2 Af u l 1 _upX) <>0 THEN -TRUE ELSE =FALSE
1 5 9 0  ENDPROC
1 6 0 0  DEF P R O C a s s e m b 1e
3 3 0
1 6 1 0  I F ( ? I 0 B  AND 2 Af u l l _ u p % >  <>0 THEN =TRUE ELSE =FALSE
16 2 0  ENDPROC
16 3 0  DEF P R O C a s s e m b l e
16 4 0  DIM c o d e  300
1 6 5 0  LOCAL N7.,P7.
1 6 6 0  FOR N7.=0 TO 2 STEP 2 
1 6 7 0  P7. = c o d e
1 6 8 0  [ OPT N7.
1 6 9 0  . i n c p  LDX £0
1 7 0 0  LDA £1
1 7 1 0  CLC : ADC &440 : STA &440
17 2 0  TXA : ADC £441 : STA &441
1730  TXA : ADC &442 : STA &442
1 7 4 0  TXA : ADC H 4 3  : STA &443
1 7 5 0
1 7 6 0  \  i n c r e m e n t  memor y  p o i n t e r
1 7 7 0  \  b i t  1,  n e g a t i v e  p u l s e
1780
17 9 0  LDA &FE60
1 8 0 0  TAX
18 1 0  AND £ 2 5 3  \ d r o p  b i t  1
18 2 0  STA &FE60
1830  TXA
1 8 4 0  ORA £2 \  b i t  1 b a c k
1 8 5 0  STA .VFE60
1860
1870  \  l o a d  s h i f t  r e g i s t e r
1 8 8 0  \  b i t  5 ,  p o s i t i v e  p u l s e
1890
19 0 0  LDA &FE60
1 9 1 0  TAX
1920  ORA £ 3 2  \  b i t  5 up
19 3 0  STA &FE60
1940  TXA
1 9 5 0  AND £ 2 2 3  \  d r o p  b i t  5
1 9 6 0  STA &FE60
1 970
1 9 8 0  \  r e a d  t h e  t i m e  i n t o  T7.
1 990
2 0 0 0  LDA &FE6 A \  s h i f t  r e g i s t e r ,  h o p e f u l l y
2 0 1 0  JSR w a i t f l a g
2 0 2 0  LDA &FE6A
2 0 3 0  TAX
2 0 4 0  AND £ 1 5
2 0 5 0  STA &453
2 0 6 0  JSR w a i t f l a g
2 0 7 0  LDA &FE6A : STA S<452 ; JSR w a i t f l a g
2 0 8 0  LDA &FE6 A : STA &451 : JSR w a i t f l a g
2 0 9 0  LDA &FE6 A : STA S<450
2100
2 1 1 0  \  s e t  R7. and  S'/i t o  z e r o
2120
2 1 3 0  LDY £8
2 1 4 0  LDA £0
2 1 5 0  . a g a i n  STA ?<447,Y
331
2 1 6 0 DEY : BNE a g a i n
2 1 7 0
2 1 8 0 \  s o r t  o u t  c h a n n e l  1
2 1 9 0
2200 TXA
2210 AND £!<20
2220 BEQ r i  s z e r o
2 2 3 0 TXA
2 2 4 0 AND £& 10
2 2 5 0 BEQ r  i s t w o
2 2 6 0 LDA £1
2 2 7 0 BNE r  i s z  e r o
2 2 8 0 . r i s t w o  LDA £2
2 2 9 0 . r i s z e r o  STA &448
2 3 0 0
2 3 1 0 \  a n d  f o r  SX
2 3 2 0
2 3 3 0 TXA
2 3 4 0 AND £ic80
2 3 5 0 BEQ s i  s z  e r o
2 3 6 0 TXA
2 3 7 0 AND £&40
2 3 8 0 BEQ s i  s t w o
2 3 9 0 LDA £1
2 4 0 0 BNE s i  s z e r o
2 4 1 0 . s i s t w o  LDA £2
2 4 2 0 . s i s z e r o  STA &44C
2 4 3 0
2 4 4 0 \  now b a c k  t o  b a s i c
2 4 5 0
2 4 6 0 RTS
2 4 7 0
2 4 8 0 . w a i t f l a g  LDA &FE6D
2 4 9 0 AND £8(4
2 5 0 0 BEQ w a i t f l a g
2 5 1 0 RTS
2 5 2 0 3
2 5 3 0 NEXT
2 5 4 0 ENDPROC
f r r e g .  13
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33?
Cl Interrupt driven system
A functional block diagram of this system is given in Fig C l .  The 
system  uses two type-6522 versatile interface adap to r  integrated circuits 
connected d irectly  to the BBC-computer processor bus.
Tim e counter
A 100 KHz tim e base is applied to the input of an 8 bit (M odulo 
256) counter. The ou tpu t of this counter can be read by the VIA digital 
input port when necessary. The overflow of the eight bit counter is 
connected via some logic, explained below, to a 16 bit b inary  counter 
internal to the VIA. Finally, each time the 16 bit counter  overflows, an 
in te rru p t  to the processor is generated which enables the  contents of a 
m em ory location to be incremented. Thus the elapsed tim e is a lw ays 
available as a four  by te  number, w ith a resolution of 10 j j l s .
Sam pling o f the input signal
The binary  w aveform  input signal is sampled every  10 j j l s . If the 
cu rren t sample differs from the preceding sample the pin CA1 is 
activated. This has the following effects:
(i) The 8 bit counter is prevented from  increm enting the 16 bit VIA 
counter until the cu rren t elapsed tim e value has been stored.
(ii) The 8 bit counter ou tput is latched into the VIA in p u t/o u tp u t  
register.
8 B i t  O v e r f l o w
24  B i t
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(iii) An in terrupt lo the processor is generated. The in te rru p t ou tpu t of 
the VIA is connected to the non maskable in terrupt input (N M 1) of the 
processor. This ensures that in terrup ts  are serviced in the least possible 
time. The in terrup t service routine carries out the following tasks:
(i) Checks if the 16 bit VIA counter has recently overflowed, and takes 
the necessary action.
(ii) The 4 byte elapsed tim e value (defined above) is stored in memory, 
together w ith inform ation specifying w hether the inpu t level change was 
+vc or -ve going.
(iii) Overflows from the 8 bit low -order counter are re-enabled.
Softw are
The in terrup t processing and system initialisation routines were 
com m itted to EPROM (read only m em ory) and perm anently  installed in 
the BBC computer. The routines were w ritten  so th a t  by executing the 
command ’*BUBBLEr the initialising routines w ere invoked and 
sampling began. Following the execution of the com m and ’*BUBBLE1\ 
the BASIC variable storage space is searched to see if tw o  integer a rrays  
A% and B% have been previously defined by the BASIC control 
programme. If no such a rrays  exist, an error message is generated and 
the com puter is re turned  to command level. Otherwise, the VIA’s are 
initialised and in te rrup ts  enabled, ready for sampling.
Data storage
335
A rrays A% and B% arc used to store the times of occurrence of 
events on channels 1 and 2 respectively. When storing the data, the 
following convention is adopted: If the input level is positive going, the 
time is stored as a positive 4 byte num ber, and if the change is negative 
going, the TW Os complement of the tim e is stored ie., -(+ tim e). W hen 
either or both of the a rrays  are fu ll,  sampling is au tom atica lly  
terminated. Additionally, sampling may be term inated  by executing a 
’BUBBLEO’ command.
C2 External FIFO system
The general scheme of operation of such a system  is i l lu stra ted  in 
Fig C2. The system requires tw o address counters, one to provide the 
address of the next location to be w ritten  to, the o ther providing the 
address of the next location to be read from. These addresses m ust be 
continuously compared to ensure th a t  ’m em ory e m p ty ’ and ’m em ory 
f u l l ’ conditions are recognised when they occur, and that the appropriate  
action is taken. A m ultip lexer is required  to switch the m em ory between 
the two address counters for read or w rite  operations. A second 
m ultip lexer is required so tha t du r ing  a w rite  operation, data  from  the 
elapsed lime clock and the input logic is routed to the m em ory, and, 
during  a read operation, data  from the m em ory is routed to a tem porary  
store, from which it can be retrieved by the computer. Additional 
control and timing logic is required  to ensure tha t read and w rite  



























Fig C2 Proposed external FIFO system (simplified block diagram). co
to<y>
